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  Summary 

 

Protein phosphorylation mediated by checkpoint kinases is crucial for the cellular 

response to DNA damage. The sensor kinases Mec1 and Tel1 initiate the checkpoint 

signaling cascade by directly activating the checkpoint effector kinase Rad53. This 

checkpoint pathway, however, is responsive to normal endogenous replication as 

well. As a result an S-phase specific threshold for Rad53 activation exists, which 

allows cells to tolerate endogenous damage-like structures.  

Here we show that Rad53 itself is phosphorylated in a cell-cycle dependent manner 

independent of DNA damage signaling (Chapter 2). We propose that this is part of the 

cell-cycle regulated sensitivity of Rad53 to activation. This phosphorylation occurs in 

G2/M, persists until S phase onset and depends on both the polo-like kinase, Cdc5, 

and the cyclin-dependent kinase, Cdc28. These cell-cycle dependent phosphorylation 

events are located in the C-terminal part of Rad53. Serines 774 and 789 were shown 

to be phosphorylated by mass spectrometry. Mutation of these sites eliminated the 

cell-cycle dependent phosphorylation of Rad53 and partially impaired the activation 

of Rad53 in response to minor amounts of DNA damage in G2/M. This led to more 

rapid checkpoint adaptation in response to irreparable DNA damage. Thus, cell-cycle 

dependent phosphorylation in the C-terminal part of Rad53 enhances Rad53 

activation in response to DNA double strand breaks (DSBs). 

Mec1 and Tel1 initiate a response to DNA damage independently of Rad53. The 

phosphorylation of histone H2A at serine 129 (γH2A) at DSBs by Mec1 and Tel1 has 

an important role in mediating DNA repair. This study shows that the occurrence of 

γH2A is not limited to DSBs, but also occurs at stalled replication forks (Chapter 3). 

Using chromatin immunoprecipitation high γH2A levels were monitored at 

hydroxyurea-stalled replication forks and depended nearly exclusively upon Mec1 

kinase activity. Furthermore our study showed that γH2A not only occurs at damaged 

chromatin but in regions of normally replicating chromatin and near telomeres 

(Chapter 4). High levels of γH2A could be monitored both in the rDNA of normally 

growing yeast cells and at telomeres.  Here γH2A depended mainly on Tel1 and 

γH2A levels increased during S phase and during the elongation of critically short 

telomeres. We also provide evidence that γH2A contributes to telomeric anchoring in 

S phase yeast cells in addition to the yKu and Sir4 anchoring pathways. 
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1.1 Cell cycle and cell cycle checkpoints 
 

Eukaryotic cell-cycle research was pioneered by work in the budding yeast 

Saccharomyces cerevisiae. Leland Hartwell and coworkers isolated temperature-

sensitive cdc (cell-division cycle) mutants, which cause cell cycle arrest with a 

uniform morphology corresponding to the mutants termination point (Hartwell et al., 

1970). Genetic analysis of these mutant strains led to a model, where START (where 

the cdc28-1 mutant arrests) and cytokinesis mark the beginning and end of the cell 

cycle and encompass a temporal sequence of single cellular events in two pathways, 

replication and budding (Hartwell et al., 1974). 

 
Figure 1.1: The sequence of events in the cell-division cycle of yeast and the circuitry of the yeast 
cell cycle (from Hartwell et al., 1974). 
 
 
Cdc28 is the single cyclin-dependent kinase (CDK) in budding yeast, a serine-

threonine kinase which, as the name suggests, is activated by association with 

multiple cyclins. CDK can initiate different cell-cycle events, characterized by 

passage of the G1/S and the G2/M boundaries, regulated through intrinsic substrate 

specificity as well as undulating expression of the cyclins during the cell cycle 
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(Bloom and Cross, 2007; Mendenhall and Hodge, 1998). A unidirectional propagation 

through the cell cycle is mediated by the co-ordinated action of protein 

phosphorylation by CDK and ubiquitin-mediated protein degradation by the 

proteasome. In the case of G1/S transition this implies degradation of Sic1 and during 

mitosis, degradation of anaphase inhibitors and mitotic cyclins (Deshaies, 1997; 

Pagano, 1997).  

Checkpoints are built-in surveillance systems over the cell cycle and are conserved 

throughout eukaryotic evolution (Elledge, 1996). They monitor the completion of 

crucial cell-cycle events and stop cell-cycle progression if those events are not 

occurring according to plan (Hartwell and Weinert, 1989). The first checkpoint gene 

was once again discovered in Saccharomyces cerevisiae. A yeast mutant for the 

RAD9 (Radiation sensitive) gene was shown to arrest in the G2 phase of the cell cycle 

in response to ionizing radiation in all phases of the cell cycle (Weinert and Hartwell, 

1988), as well as DNA damage resulting from incomplete replication (Hartwell and 

Weinert, 1989). Interestingly, according to the definition by Hartwell and Weinert, 

Rad9 is one of the few “real” checkpoint genes, since it promotes cell-cycle arrest and 

facilitates repair, but does not carry out a cell cycle or repair function by itself 

(Weinert and Hartwell, 1988). Instead, this is an additional function of other 

important checkpoint genes (see examples in Section 1.5.2).  

The best characterized checkpoints monitor genomic stability. Besides checkpoints 

monitoring DNA damage and replication problems (see Section 1.2), the mitotic 

checkpoint monitors as spindle checkpoint the fidelity of chromosome segregation as 

well as, in a different branch, correct cytokinesis (Kops et al., 2005; Musacchio and 

Salmon, 2007; Smith et al., 2002). Recently, checkpoints monitoring yeast cell 

morphogenesis (checking correct cell wall synthesis, cell size, and bud formation) 

have been identified (Kellogg, 2003; Lew, 2003; Suzuki et al., 2004). Yeast 

morphogenesis and replication act in parallel pathways of the cell cycle control (see 

Figure 1.1). It is therefore surprising to note that cross-talk between both pathways 

has been observed and, indeed, the replication checkpoint has been shown to 

modulate the morphogenesis checkpoint (Enserink et al., 2006). The same replication 

checkpoint can influence the mitotic checkpoint and inhibit mitotic division as well, 

when replication is incomplete (Sanchez et al., 1999). Checkpoints can therefore 

generate a comprehensive response, including both progress and timing of the cell 

cycle. 
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1.2 An overview of DNA-damage checkpoints and the 
replication checkpoint 
 

The DNA-damage checkpoint pathway inhibits cell-cycle progression during all cell-

cycle stages in response to DNA damage (Nyberg et al., 2002). This damage results 

from the effect of exogenous mutagens, such as UV light, ionizing irradiation, or 

chemical compounds. If not repaired by continuously active repair pathways, these 

mutagenes will lead to base mutations or DNA double-strand breaks (DSBs; Sancar et 

al., 2004). Different kinds of lesions also require different repair pathways, and, 

similarly, they are differentially recognized by the DNA-damage checkpoint. The 

components of the DNA-damage, as well as replication, checkpoint pathways (see 

below) are conserved between Saccharomyces cerevisiae, Schizosaccharomyces 

pombe, and human cells (Elledge, 1996). The cellular response to DSBs, one of the 

most deleterious lesions, is conserved and therefore well characterized. Progression 

into mitosis with DSBs in a chromosome would lead to chromosome loss and would 

therefore be disastrous. In this context, it is not surprising that the most stringent 

checkpoint acts at the G2/M boundary and can be activated by a single DSB (Sandell 

and Zakian, 1993; Toczyski et al., 1997). The components of the DNA-damage 

checkpoint build signal transduction pathways in response to DSBs and replication 

problems, and can be classified as sensors, adaptors, and effectors (see Table 1.1). 
Function Saccharomyces cerevisiae Homo sapiens Schizosaccharomyces pombe 

Signal 

Sensor (RFC-like complex) 

Sensor (PCNA-like complexes) 

Sensor (MRX/MRN) 

Sensor (signaling kinase) 

Sensor (signaling kinase) 

Fork associated (sensor?) 

Fork associated (sensor?) 

Fork associated (sensor?) 

Fork associated (mediator?) 

Mediator  

Mediator 

Effector (signaling kinase) 

Effector (signaling kinase) 

RFA (RFA1-3) 

Rad24 (+RFC) 

Ddc1/Rad17/Mec3 

Mre11, Rad50, Xrs2 

Mec1/Ddc2 

Tel1 

Dpb11* 

Polε* 

Sgs1* 

Tof1* 

Mrc1* 

Rad9 

Rad53 

Chk1 

RPA 

Rad17 (+RFC) 

Rad9/Rad1/Hus1 

Mre11, Rad50, Nbs1 

ATR/ATRIP 

ATM 

TopBP1* 

Polε* 

BLM* 

? 

Claspin* 

Mdc1/BRCA1/53BP1? 

Chk2 

Chk1 

RPA 

Rad17 (+RFC) 

Rad9/Rad1/Hus1 

Rad32, Rad50, Nbs1 

Rad3/Rad26 

Tel1 

Cut5* 

Polε* 

Rqh1* 

Swi1* 

Mrc1* 

Crb2 

Cds1 

Chk1 

 
Table 1.1: Selection of important checkpoint proteins/complexes and their orthologues or 
proteins with analog function.  
Proteins with their specific or main function in the S phase checkpoint are indicated by *. Protein names are marked in bold if the 
name of the homologous protein is also used in budding yeast. 
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Most of the proteins involved are also necessary for the activation of the G1/S, the 

intra-S, or the G2/M checkpoints (Nyberg et al., 2002). 

As Hunter stated in 1995, “Protein phosphorylation is a major currency of signal 

transduction pathways” (Hunter, 1995). Similarly, kinases are also essential and are 

central elements of DNA-damage signaling pathways (McGowan and Russell, 2004; 

Zhou and Bartek, 2004). During checkpoint recovery after successful repair or 

adaptation in the case of an irreparable situation, dephosphorylation is essential 

(Harrison and Haber, 2006). Crucial components in sensing and activating 

downstream checkpoint targets are the PI3K-like kinases Mec1 and Tel1, which are 

homologues of the human ATR/ATM kinases (see Figure 1.2).  

Mec1 is known to act, together with its cofactor Ddc2, as a sensor and activator of the 

crucial checkpoint kinases Chk1 and Rad53 (human CHK2-homolog) through 

phosphorylation (Melo and Toczyski, 2002). Mec1 forms a complex with Ddc2, and 

Ddc2 is essential for the checkpoint function of Mec1 (Paciotti et al., 2000; Rouse and 

Jackson, 2000; Wakayama et al., 2001) as well as for targeting it to sites of DNA 

damage (Rouse and Jackson, 2002). The checkpoint signal sensed by Mec1/Ddc2 is 

single-stranded DNA coated with RPA (Zou and Elledge, 2003). DNA damage is also 

sensed by Rad24, which is an RFC1-homolog that forms an RFC-like complex with 

Rfc2-5, and acts as a “clamp loader” to load the yeast 9-1-1 PCNA-like “checkpoint 

sliding clamp” (Rad17, Ddc1, and Mec3; Majka and Burgers, 2004). 

Both Mec1/Ddc2 and Rad24-RFC can be independently loaded on damaged 

chromatin, but both are required for full checkpoint activation (Kondo et al., 2001; 

Melo et al., 2001). It has recently been shown that the 9-1-1 checkpoint clamp directly 

interacts with Mec1 and enhances its activation (Majka et al., 2006), showing once 

again that Mec1 is the central sensor kinase initiating the checkpoint signaling 

pathway (Carr, 1997). Another pathway which senses DNA damage involves the 

MRX complex (Mre11, Rad50, and Xrs2) and a second PI3-like kinase Tel1. While 

the loss of Tel1 is less debilitating for the damage checkpoint, in the absence of Mec1 

and in S-phase cells, Tel1 can activate the downstream target Rad53, as well as 

increase Mec1 activity (Clerici et al., 2004; Mantiero et al., 2007). 
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Figure 1.2: The DNA-damage and replication checkpoint in Saccharomyces cerevisiae.  
 
This figure illustrates the signaling cascade triggered in response to stalled replication forks (yellow), double-strand breaks (red), 
and the central signaling cascade in response to both genotoxic insults (orange). Important components of this central signaling 
pathway are the sensory kinase Mec1, which is recruited to single-stranded DNA via RPA and is also activated by Rad24-RFC 
and the 9-1-1 complex. Mec1 activates the central effector kinase Rad53, and this activation is mediated specifically either by 
Mrc1 (replication checkpoint) or Rad9 (DNA-damage checkpoint). The phosphorylation of histone H2A at serine 129 (γH2A) is 
a target of the checkpoint response branching out upstream of Rad53. In this case, Mec1 and Tel1 are effector kinases. 
 
 
The adaptor protein Rad9 functions by transmitting and amplifying the DNA-damage 

signal and enhancing activation of Chk1 and Rad53 (Sanchez et al., 1999). Rad9 itself 

is also activated by Mec1-mediated phosphorylation (Emili, 1998). Activated Rad9 

binds Rad53 and seems to link Mec1 to Rad53 and to facilitate autophosphorylation 

of Rad53 in trans, thus amplifying the checkpoint signal (Gilbert et al., 2001; 

Schwartz et al., 2002; Sweeney et al., 2005). Figure 1.3 shows the current model for 

activation of the effector kinase Rad53. 

In short, Rad53 itself is as effector kinase and, in the same way as its human homolog 

Chk2 (Ahn et al., 2004; Nevanlinna and Bartek, 2006), a central player in the DNA-

damage checkpoint pathway in mediating downstream checkpoint responses which, 

due to its specific protein structure (containing two FHA-signaling domains), seems to 

have obtained the capacity to mediate the integration of checkpoint signals from both 
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the DNA-damage and the replication checkpoints (Pike et al., 2003; Schwartz et al., 

2003; Shimada et al., 2002). Rad53 will be thoroughly introduced in Chapter 2. 
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Figure 1.3: Model for the role of adaptor proteins in Rad53 activation.  
 
I. Mec1/Tel1 phosphorylation of Rad9 generates a phosphoepitope, which is recognized and bound by the Rad53 FHA domains. 
II. The Rad9-Rad53 interaction recruits Rad53 proteins to the site of lesion. Mec1 can now directly phosphorylate Rad53.  
III. Docking of more than one Rad53 protein onto one phosphorylated Rad9 protein facilitates Rad53 in-trans 
autophosphorylation through increasing the local concentration. There is biochemical evidence supporting a function of Rad9 in 
step II as well as step III. The replication checkpoint protein Mrc1 is thought to mediate the checkpoint signal in a similar way 
(Pellicioli and Foiani, 2005; Sweeney et al., 2005; Toh and Lowndes, 2003). 
 

The DNA-damage checkpoint signaling pathway presented above also occurs in S 

phase and, indeed, DSBs can be created in an S-phase specific manner by 

methylmethanesulfonate (MMS), a DNA-alkylating agent (Tercero et al. 2003), 

activating the so-called “intra-S-phase checkpoint”. This pathway is, however, 

supplemented by a second pathway, which leads to activation of Rad53. A DNA-

damage-like signal originating from stalled replication forks in response to 

hydroxyurea (HU) is detected by sensor proteins that are also involved in the normal 

replication process (e.g. DNA polymerase ε, Dpb11, and Sgs1) and act locally at the 

replication forks. Stalled replication forks lead to activation of Rad53 via the 9-1-1 

complex, as well as through the adaptor protein Mrc1 (Cobb et al., 2003; Frei and 

Gasser, 2000; Katou et al., 2003; Osborn and Elledge, 2003; Tercero et al., 2003; 

Wang and Elledge, 2002). The DNA-damage branch and the replication checkpoint 

branch of the intra-S-phase checkpoint are often simultaneously activated (Bjergbaek 

et al., 2005; Longhese et al., 2003). Yet the maintenance of fork integrity appears to 

be the most important task of the intra-S checkpoint response (Tourriere and Pasero, 

2007). This aspect is covered more completely in Section 1.5. 
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1.3 Downstream targets of checkpoint kinases 
 

The task of a checkpoint has to be considered in the context of a given cell-cycle 

stage. The G2/M checkpoint must avoid deleterious segregation of DNA damage 

(particularly of DSBs) in mitosis (Harrison and Haber, 2006), while the intra-S phase 

checkpoint must not only block the next cell-cycle transition (S to M), but must also 

stabilize the replisome (Tourriere and Pasero, 2007). Not only do the downstream 

targets differ, but some functions do not even involve the effector kinases Rad53 and 

Chk1. Instead, they may target other enzymes, such as has been shown for Mrc1, 

which maintains fork stability independently of its function in mediating Rad53 

activation (Osborn and Elledge, 2003).  

Besides promoting cell-cycle arrest and stabilizing replication forks, the checkpoint 

pathway facilitates and induces DNA repair mechanisms (Harrison and Haber, 2006; 

Nyberg et al., 2002). The best-characterized case is the induction of ribonucleotide 

reductase, leading to higher dNTP pools by Dun1 (Elledge et al., 1993). Interestingly, 

suppression of lethality of both mec1 and rad53 mutant strains stems from higher 

basal activation of Dun1, which is important for the inactivation of Sml1 (a negative 

regulator of ribonucleotide reductase) and which normally depends on both Mec1 and 

Rad53 (Zhao et al., 2001; Zhao et al., 1998; Zhao and Rothstein, 2002). This is one 

example where Mec1 functions are mediated by Rad53. There are many more 

uncharacterized targets of this global checkpoint signal transduction cascade. A recent 

study identified in vivo targets of Mec1 and Rad53 using proteomics (Smolka et al., 

2007). The same study showed that several checkpoint targets are activated by Mec1 

and Tel1 directly, and do not involve Rad53. One well-known example of such a 

checkpoint response is the phopshorylation of serine 129 of histone H2A (γH2A, in 

mammals the histone variant H2AX is modified to make γH2AX, see Figure 1.2). 

γH2A is, so far, the best-characterized histone modification induced by DNA damage, 

but an increasing number of other covalent histone modifications (including 

phosphorylation, ubiquitylation, and acetylation) on core histones H2A, H2B, H3, and 

H4 have recently been associated with cellular DNA-damage responses (Downs et al., 

2007; van Attikum and Gasser, 2005). γH2A will be introduced in detail in Chapters 3 

and 4. In brief, γH2A serves two roles. First, it is important for amplifying the 

checkpoint response in mammalian cells via recruitment of the checkpoint mediator 

Mdc1 (Su, 2006) and maintaining high checkpoint activity in yeast (Keogh et al., 
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2006), Second, it is needed for the recruitment of both the INO80 and SWR1 

chromatin remodeling complexes, as well as cohesins, to DSBs. These promote 

efficient repair of this particular lesion by HR or error-prone NHEJ (Morrison et al., 

2004; Strom et al., 2004; Unal et al., 2004; Van Attikum et al., 2007; van Attikum et 

al., 2004). These are examples of the pleiotropic response induced by the activated 

DNA-damage checkpoint, which demonstrate that the checkpoint is interlocked with 

DNA repair in a multi-faceted way.  
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1.4 Telomeres and the DNA-damage response 
 

Telomeres protect the free ends of chromosome arms, which might otherwise 

resemble DSBs and activate the checkpoint response (Viscardi et al., 2005). Budding 

yeast telomeres (see Figure 1.4) contain a nucleosome-free, ~300 bp long TG1-3 repeat 

which ends in a single-stranded 3’ overhang (Dionne and Wellinger, 1996; Wright et 

al., 1992). TG1-3 repeats are bound by the protein Rap1, and the single-stranded 

overhang by Cdc13 (Viscardi et al., 2005). Rap1 was found to be a nucleation site for 

SIR-protein recruitment (Cockell et al., 1995; Moretti et al., 1994). SIR complexes 

spread into sub-telomeric chromatin and make it a heterochromatic and 

transcriptionally repressed domain (Gasser and Cockell, 2001). Telomeres also 

influence the organization of chromatin in the nucleus, as they are clustered into 

nuclear foci that are anchored at the nuclear periphery (Klein et al., 1992; Palladino et 

al., 1993b). 
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Figure 1.4: Structural components of the yeast telomere, and the main factors regulating 
telomere elongation by telomerase.  
 
The G-rich strand is shown in red, the C-rich strand in blue. TG1-3 repeats are bound by Rap1 and the 
single-stranded overhang by Cdc13. Tel1 activates telomerase indirectly once the TG1-3 repeat stretch 
gets shorter and the inhibiting effect of bound Rap1 is abolished. Telomerase elongates the G-rich 
single-stranded overhang, which is then a template for primase and the normal replisome for synthesis 
of the complementary strand (Blackburn, 2001; Dubrana et al., 2001; Viscardi et al., 2005). 
 
Telomeres get shorter each time the chromosome undergoes replication (Lingner et 

al., 1995; Lundblad and Szostak, 1989; Lustig and Petes, 1986). To counterbalance 

this effect, telomeres require a specific enzyme, called telomerase, which contains an 
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RNA subunit that serves as a template to allow elongation of the TG1-3 repeat (Hug 

and Lingner, 2006; Teixeira and Gilson, 2005). The maintenance of an equilibrium 

length of the TG1-3 repeat is ensured by a protein-counting mechanism that senses the 

number of Rap1 proteins bound to the double-stranded TG1-3 repeats. This signal, 

which is Tel1-dependent, negatively regulates telomerase (Marcand et al., 1997). 

Telomerase is also positively regulated by the two checkpoint kinases Mec1 and Tel1, 

as well as Cdc13, a protein that binds to the single-stranded TG1-3 overhang (Evans 

and Lundblad, 1999; Taggart et al., 2002; Tseng et al., 2006). Telomerase is inactive 

in the absence of Tel1 and Mec1, and yeast cells undergo cellular senescence (Ritchie 

et al., 1999). The telomeric presence of checkpoint kinases has puzzled researchers in 

the DNA-damage checkpoint field. Why are structures that look more or less like 

DSBs not recognized as such, but nonetheless require checkpoint kinases to maintain 

their structure?  

One basic principle of telomere structure is that it is protected from activating the 

checkpoint response. Cdc13, and not RPA, covers the single-stranded telomeric 

overhang in budding yeast. Loss of Cdc13 induces rapid end resection and permanent 

checkpoint arrest (Viscardi et al., 2005). Thus Cdc13 is important for preventing a 

checkpoint response. In mammalian cells, a more complex protein machinery called 

shelterin fulfills the same function (Verdun and Karlseder, 2007). In addition to Mec1 

and Tel1, an ever-increasing number of checkpoint and repair proteins are found at 

telomeres (Gasser, 2000; Lydall, 2003; Verdun and Karlseder, 2007; Viscardi et al., 

2005), and the question therefore remains as to exactly how a checkpoint response is 

avoided under normal growth. 
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1.5 Excursus:  
Damaged forks in yeast: A survey on checkpoint 
mechanisms, replication fork stability, repair mechanisms 
and chromatin 
 

1.5.1 Summary 

During S phase DNA is both synthesized and repaired, and in S phase checkpoint 

mechanisms are integrated into normal ongoing replication. This makes the 

generation of an independent surveillance system almost impossible. Recently it 

became clear that damage during replication requires an integration of checkpoint 

response with replication itself and other cellular pathways, such as replication 

pausing, recombination and translesion synthesis (Lambert et al., 2007; Moldovan et 

al., 2007; Tourriere and Pasero, 2007). Indeed, the outcome of a genotoxic event in S 

phase depends largely upon whether or not the replisome can be maintained in a 

stable structure when it hits the lesion. This chapter will focus upon recent advances 

in our understanding of the proteins that contribute to the replication checkpoint and 

the maintenance of fork integrity. Recent reports suggest that histone modifications 

and chromatin remodeling complexes are also involved into this process. 

 

1.5.2 Replication checkpoint activation: What is the signal for checkpoint 

activation 

The S phase checkpoint does not block progression into the following cell-cycle stage 

like the G1/S and G2/M checkpoints, but has to deal with the more complicated tasks 

of maintaining replication integrity by stabilizing components of the replisome (Cobb 

et al., 2003; Cobb et al., 2005; Katou et al., 2003; Osborn and Elledge, 2003), 

preventing the firing of late origins  (Santocanale and Diffley, 1998; Shirahige et al., 

1998) and preventing spindle elongation. This last point is a function of the S-phase 

checkpoint in mitosis, called the S to M checkpoint. Failure to assemble the spindle or 

impaired mitotic CDK function cause the replication checkpoint-induced mitotic 

arrest (Krishnan et al., 2004). It is particularly relevant for the response to DNA 

damage and replication problems in S phase to understand the function of different 

drugs on checkpoint and repair mechanisms. In human cells, some drugs only provoke 
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a checkpoint response when the damage encounters a moving replication fork. For 

instance HU was shown to be replication fork-dependent, but progression 

independent, while MMS is independent of both. On the other hand, Adozelesin, 

another alkylating agent, required both fork presence and progression (Liu et al., 

2003). The response to DNA damaging drugs differs widely, as does the genome wide 

requirements for resistance. This allows one to define drug-specific gene-clusters 

(Brown et al., 2006; Lee et al., 2005b). Mass spectrometric analysis of Rad53 

phosphorylation in response to DNA damage induced by the drugs 4-NQO and MMS, 

has revealed drug-specific patterns of Rad53 phosphorylation (Smolka et al., 2005; 

Sweeney et al., 2005). Another drug extensively used in chemotherapy is 

Camptothecin (CPT), which traps topoisomerase I in a covalent complex with DNA. 

Once the trapped transient cleavage complex is hit by the replisome, a lesion occurs 

(Pommier, 2006). Repair of this lesion, which is a checkpoint-blind DSB, requires a 

specific subset of proteins, including Tof1  and γH2A (Redon et al., 2006; Redon et 

al., 2003). When a replication fork hits a site of DNA damage such as an alkylated 

base or an abasic site, either the fork collapses and leaves behind a DSB, or 

components of the replication checkpoint promote errorprone translesion synthesis 

(TLS), errorfree bypass synthesis, or the replisome is stabilized allowing lesion repair 

(Tourriere and Pasero, 2007). Another specific threat for cells are stalled replication 

forks, which can be induced experimentally by inhibiting ribonucleotide reductase by 

HU, which leads to fork stalling via depletion of cellular dNTP pools (Yarbro, 1992). 

Stalled replication fork structures resemble naturally paused replication forks, yet do 

elict a checkpoint response (Tourriere and Pasero, 2007). The replication checkpoint 

pathway prevents replication fork collapse in this specific situation. It does not, 

however, conform to the narrow definition of a checkpoint pathway as an independent 

surveillance system (Hartwell and Weinert, 1989). Because many replication 

checkpoint proteins are involved in the replication process itself (see section 1.5.3), 

the replication checkpoint is not strictly an independent surveillance system. It is also 

important to remember that cells are not equally sensitive to DNA damaging agents 

throughout the cell cycle. Some agents are more harmful at different cell cycle stages, 

and in particular there is a higher threshold for checkpoint activation during S phase 

(Shimada et al., 2002). Because some checkpoint mutants show different sensitivities 

to different drugs, we propose that a balanced action of multiple pathways is involved. 
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1.5.3 Replication, repair and checkpoint activation: Overlapping structures, 

complexes and mechanisms 

Replication and repair mechanisms share a number of key factors. One important 

component is the single strand binding protein RPA, which besides its crucial role of 

protecting single-stranded parts of the replicating double helix,  is important for DNA 

repair (Aboussekhra et al., 1995; He et al., 1995) Indeed, RPA is a required signal for 

checkpoint activation (Zou and Elledge, 2003). It is not known if the large stretches of 

ssDNA that arise during replication are distinct from those in damaged DNA. 

However an increase in the single stranded stretches from ~ 220 bp for a normal 

unchallenged replication fork to around 300 bp in case of an HU-stalled fork is able to 

activate the checkpoint kinase Rad53 (Sogo et al., 2002). Therefore it is most likely 

the amount of single stranded DNA bound by RPA that determines activation of the 

replication checkpoint (Tourriere and Pasero, 2007). 

Another key component of normal replication that is also important for DNA repair 

and checkpoint activation is the sliding clamp PCNA. PCNA forms a trimeric ring 

around the double helix, and is loaded onto DNA by replication factor C (RFC), a 

heteropentameric complex formed by the proteins Rfc1 to Rfc5 (Majka and Burgers, 

2004).  PCNA promotes polymerase δ or ε processivity and orchestrates various 

processes related to replication, repair and chromatin assembly (Moldovan et al., 

2007). In addition a PCNA homolog called the 9-1-1-complex (Rad9, Rad1 and 

Ddc1) is dedicated to DNA repair and checkpoint activation (Parrilla-Castellar et al., 

2004). Whereas PCNA is loaded during the initiation of DNA replication by the Rfc1-

RFC complex, 9-1-1 is loaded by a related, checkpoint-specific complex, the Rad24-

RFC. Two additional RFC-like complexes are Elg1-RFC and Ctf18-RFC (Majka and 

Burgers, 2004). How the functions of these four loading complexes are coordinated is 

not yet completely understood. However, Rad24-RFC is primarily important for 

checkpoint activation, the complex containing Ctf18 is important for sister chromatid 

cohesion, and the Elg1 complex has a role in DNA repair. The fact that the mutants 

show additive defects after treatment of yeast cells with DNA damage argues that 

they also share overlapping functions. 

In the case of PCNA different functions are regulated by ubiquitylation and 

sumoylation through the RAD6 postreplicative repair pathway (Hoege et al., 2002). 

Interestingly both modifications are positioned at K164 of the PCNA monomer, and 
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Rad6 and Rad18 mediated PCNA-mono-ubiquitylation displaces the replicative 

polymerases Polδ and Polε for TLS polymerases (Lehmann et al., 2007; Moldovan et 

al., 2007). TLS polymerases  belong to the Y-family of DNA polymerases, which 

have a high error rate, yet are able to synthesize DNA across an abasic site or over 

other lesions (Fleck and Schär, 2004). Not only translesion synthesis, but also error 

free bypass is mediated by PCNA ubiquitylation. K63-linked multi-ubiquitilation 

occurs again at K164 of PCNA, depending upon  RAD5,UBC13 and MMS2 (Hoege et 

al., 2002). This poly-ubiquitilation induces error free DNA repair either by replication 

restart or template switching mechanisms (Moldovan et al., 2007).  

In contrast to the ubiquitin pathway, SUMO-modification of PCNA influences the 

ability of the fork to overcome problems during normal replication. It also stimulates 

spontaneous mutagenesis by Polζ (Hoege et al., 2002; Stelter and Ulrich, 2003). 

SUMO-modification occurs at K127 and K164 of the PCNA monomer. Thus for 

K164 modification SUMO and ubiquitin may compete. This competition may 

influence the choice of the PCNA-mediated repair pathway (Moldovan et al., 2007; 

Ulrich, 2005).  

Sumoylation of PCNA was also observed during an unperturbed S phase and was 

shown to recruit the anti-recombinogenic helicase Srs2 (Papouli et al., 2005; Pfander 

et al., 2005). Homologous recombination is important for repair of DSBs (Dudas and 

Chovanec, 2004) and recombination-based fork restart mechanisms are essential in 

situations of replication fork collapse (Lambert et al., 2007; Wyman and Kanaar, 

2006). However, recombination at replication forks must be repressed if there is no 

DSB or collapse. It was shown that in absence of Sgs1 damaged replication forks 

undergo recombination (Liberi et al., 2005) and that at DSBs both Sgs1 and Srs2 

suppress crossing-over during repair by homologous recombination (Ira et al., 2003). 

By inhibiting recombination at replication forks these helicases favor error-free 

bypass and translesion synthesis (Barbour and Xiao, 2003). The sumoylation of 

PCNA requires the E3 SUMO-ligase Siz1, while the E3 SUMO-ligase Mms21 acts on 

PCNA, Sgs1 and Srs2 to suppress recombination at replication forks (Branzei et al., 

2006).  Although Sgs1 was not yet shown to be directly sumoylated by Mms21, 

sumoylation is important for Sgs1 and Srs2 function at stalled replication forks. 

Accordingly in fission yeast Meister et al. showed that replication and recombination 

are temporally separated by the replication checkpoint, to avoid aberrant strand 

exchange events and pathogenic replication fork structures (Meister et al., 2005). 
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Interestingly, PCNA also controls sister chromatid cohesion in S phase cells by 

interaction with Eco1. This function is inhibited by sumoylating PCNA (Moldovan et 

al., 2006). In this context it is interesting to note that sister chromatid cohesion and the 

loading of additional cohesins are important both for postreplicative and  DSB repair 

(Strom and Sjogren, 2005; Strom et al., 2007). In fission yeast the cohesin-like 

proteins Smc5 and Smc6 have been shown to be required for the repair of collapsed 

replication forks by homologous replication (Ampatzidou et al., 2006). It is proposed 

that recombination may become necessary when other repair pathways fail. For 

example, it was shown that phosphorylation of Rad55, most likely by Mec1 or Rad53, 

which is a factor supporting the formation of Rad51 filaments is required for the 

efficient recovery of MMS-induced DNA damage (Herzberg et al., 2006). 

Furthermore, genetic data argue that DNA damage checkpoints may favor the RAD6 

mediated postreplicative repair pathways of error-free lesion bypass and TLS 

(Barbour et al., 2006). In fission yeast phosphorylation of Rad9 (part of the PCNA-

like 9-1-1 complex) by the ATR/Mec1 homologous kinase Rad3 seems to favor error-

free repair via the Rhp6 (Sc RAD6) pathway, rather than recombination. How also 

checkpoints influence the choice of fork-associated repair pathways appears very 

complex and it is likely that it will be influenced by the molecular nature of the lesion 

at the stalled or damaged replication fork. 

How are the various modifications of PCNA triggered? It was recently shown by 

using Xenopus egg extracts, that PCNA mono-ubiquitylation requires replisome 

uncoupling from the MCM helicase (Chang et al., 2006). Interestingly, activation of 

ATR via the Aphidicolin-induced replication checkpoint requires also uncoupling of 

the MCM helicase and polymerase activities (Byun et al., 2005). Again using 

Xenopus egg extracts MacDougall et al. showed that primed ssDNA is sufficient for 

ATR activation, with the amount of ssDNA determining the strength of the 

checkpoint response. ssDNA is most likely a common checkpoint activating structure 

that results from many different types of damage (MacDougall et al., 2007). It 

therefore seems that the molecular structures that induce fork associated repair via 

TLS and DNA-damage checkpoint activation share partially overlapping mechanisms 

and are interconnected.  
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1.5.4 Acting at the fork: Checkpoint components and their role in the 

maintenance of replication fork stability 

Many proteins which are involved in the replication checkpoint cascade have an 

important function during an unchallenged S phase e.g. Mrc1 (Osborn and Elledge, 

2003). Even though many of the checkpoint signaling components move with the 

replication fork, the replication checkpoint is not activated most of the time. 

Replication checkpoint components thus initiate a global checkpoint response, as well 

as acting locally at replication forks to allow adequate resumption of DNA synthesis 

after recovery from stress. The sensor kinase Mec1 and the effector kinase Rad53 are 

key players in the DNA damage checkpoint. Other sensor components, e.g. Rad24-

RFC, are only involved if replication forks collapse and may be a substrate for the 

damage checkpoint pathway (Bjergbaek et al., 2005). At stalled but not broken 

replication forks, Rad24-RFC is replaced by Sgs1 for checkpoint kinase activation 

(Frei and Gasser, 2000).  

Checkpoint activation itself involves the phosphorylation and autocatalytic activation 

of Rad53. Rather than the adaptor protein Rad9, the replication fork component Mrc1 

acts as a mediator of the activating signal at stalled forks (Alcasabas et al., 2001). 

Indeed, Mrc1 in budding yeast was shown to interact with Rad53 (Smolka et al., 

2006). This adaptor function is conserved in the fission yeast homolog Mrc1 (Tanaka 

and Russell, 2001) and in the human homolog Claspin (Kumagai and Dunphy, 2000). 

In fission yeast, the interaction of the FHA domain of Cds1 (Rad53) with Mrc1, 

which itself if modified by Rad3 (Mec1), allows Cds1 recruitment to stalled forks. 

This allows Rad3 to activate Cds1, which is followed by autophosphorylation of 

Cds1. Interestingly, fission yeast Mrc1 directly interacts with DNA through a helix-

loop-helix motif, a sequence that is conserved in human and budding yeast 

homologues. This region is important for Mrc1 function in the replication checkpoint. 

Mutation of this interaction domain renders cells sensitive to HU (Zhao and Russell, 

2004). Human Claspin was also shown to bind with high affinity to branched 

replication-fork like DNA structures (Sar et al., 2004). 

Both Tof1 and Mrc1 are components of the replisome complex, which also includes 

the MCM helicase, the initiation and elongation factor Cdc45, and GINS, a complex 

of the proteins Sld5, Psf1, Psf2 and Psf3, which is required to couple the MCM 

helicase to the other components of the replisome  (Gambus et al., 2006; Katou et al., 
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2003; Labib and Gambus, 2007). In fission yeast, specific mutations in MCM or in 

Cdc45 suppress the HU sensitivity of mrc1 mutants (Nitani et al., 2006), suggesting 

that Mrc1 may bridge between these replication factors. The functions of Mrc1 in 

checkpoint activation and in replisome stability can be separated genetically. The 

checkpoint deficient mrc1AQ mutant strain, which is lacking its Mec1-phosphorylation 

sites and therefore its interface for Rad53 activation in response to replication stalling, 

has no defect during normal replication and progresses unperturbed through S phase 

(Osborn and Elledge, 2003). Surprisingly the direct fork-stabilizing function of Mrc1 

seems to be more important than the checkpoint response function (Tercero et al., 

2003).  

Results from Robert and coworkers showed that Mrc1 promotes Srs2 recruitment to 

sumoylated PCNA, thereby helping to inhibit the formation of  homologous 

recombination intermediates at stalled replication forks (Robert et al., 2006). This 

inhibition of homologous recombination acts in parallel to Sgs1, which resolves such 

intermediates (Robert et al., 2006). Polymerase stability (Polε) is reduced in the 

recombination-deficient rad51 mutant and in cells lacking Sgs1 and these effects are 

not additive (Bjergbaek et al., 2005). In contrast Sgs1 and Mrc1 act synergisitcally to 

stabilize polymerases at stalled replication forks. This supports the model that Sgs1 

and Srs2/Mrc1 act on parallel pathways to maintain fork stability (Bjergbaek et al., 

2005). This may account for the synthetic lethality observed between sgs1 and srs2 

(Lee et al., 1999). The fact that mrc1 sgs1 double mutant strains are viable argues that 

Sgs1 and Srs2 have other activities as well (Bjergbaek et al., 2005). 

The functions of Mrc1 and Tof1 seem somewhat similar (Zegerman and Diffley, 

2003) and therefore a more careful analysis of overlapping versus specific functions 

of both proteins became necessary. Two studies addressed this question on the 

molecular level by using a combination of single-molecule analysis (DNA combing) 

and 2D gels and Chromatin Immunoprecipitation (Tourriere et al., 2005; Szyjka et al., 

2005). Tourriere and coworkers showed that both Mrc1 and Tof1 are required for 

normal fork progression. Single molecule analysis of BrdU incorporation showed that 

the replication fork moves more slowly in both mutants independent of their 

checkpoint function, resulting in a prolonged S phase. Nonetheless, there are 

functional differences between the two proteins as well. Natural fork pausing in the 

rDNA depends on Tof1, but not Mrc1, thus Mrc1 is a bona fide adaptor of the 

replication checkpoint while Tof1 is not (Tourriere et al., 2005). Szyjka and 
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colleagues also demonstrated that replication forks progress more slowly in a mrc1 

mutant than in a wildtype strain. They also showed that this is independent of Mrc1 

checkpoint function, since the mrc1AQ mutant has a normal fork progression rate 

(Szyjka et al., 2005). These results further suggest that Mrc1 is not absolutely required 

for the resolution of paused replication forks. This is in contradiction to results 

published by Bjergbaek et al. (Bjergbaek et al., 2005) who showed a partial loss of 

DNA Polε at forks on HU in a mrc1Δ strain. 

Further distinctions between the function of Mrc1 in checkpoint activation and in 

normal replication arose from an analysis of the genetic relationship between Mrc1 

and Rrm3. Rrm3 is a helicase that helps replication forks advance through protein 

complexes (Szyjka et al., 2005). Replication forks are known to pause transiently at 

sites where non-nucleosomal proteins are bound tightly to the DNA strand. There are 

probably more than 1000 pausing sites in the budding yeast genome (Ivessa et al., 

2003). Repair of stalled replication forks in rrm3 cells was shown to depend on Mrc1 

for viability (Ivessa et al., 2003). Szyjka et al. then showed that the checkpoint 

function of Mrc1 does not participate in replication fork pausing and resolution even 

in a double mutant with rrm3. In contrast, mrc1 rrm3 double mutants are lethal. They 

propose that Rrm3 is required to resolve replication fork defects resulting from 

deletion of Mrc1`s function in normal replication (Szyjka et al., 2005). Calzada et al. 

(2005) then asked whether Mrc1 and Tof1 are important for maintaining replisome 

integrity at normally occurring pausing sites such as the replication fork barrier (RFB) 

in the rDNA (Calzada et al., 2005; Lambert et al., 2007; Tourriere and Pasero, 2007). 

By integrating a pair of RFB sequences between the two efficient and early firing 

origins, ARS305 and ARS306, it was possible to block forks in a Fob1-dependent 

manner. By chromatin immunoprecipitation the authors showed that pausing does not 

lead to disassembly of the replisome since the fork associated MCM-complex, Cdc45, 

GINS, the DNA polymerases α and ε and also Mrc1 and Tof1 stay associated. Indeed, 

Mrc1 and Tof1 were needed to maintain replication fork integrity after fork stalling 

(Calzada et al., 2005). The authors then addressed the question of how these proteins 

would influence fork pausing. Intriguingly fork pausing was shown to depend on 

Tof1, but not Mrc1. Density-transfer assays also argue that Tof1 but not Mrc1 

mediates fork pausing, although they also observe that Mrc1 is crucial for a normal 

fork progression rate (Hodgson et al., 2007).  
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An important role for Tof1 in fork pausing was also shown for the fission yeast 

homolog Swi1 (Dalgaard and Klar, 2000; Krings and Bastia, 2004) which argues that 

the proteins and mechanisms required for replication are fairly conserved. 

Interestingly, a partner of Swi1, Swi3, also affects fork pausing and its S. cerevisiae 

homologue, Csm3, interacts with Tof1 (Ito et al., 2001). Both Tof1 and Csm3 play a 

role in sister chromatid cohesion (Mayer et al., 2004). A clear role of fork associated 

Tof1 in cohesion is not yet established, but this may involve histone modifications, 

which are discussed in the next section. 

We note that the helicase Rrm3 is also recruited to paused replication forks and is 

probably needed to unwind the RFB to allow fork progression over this barrier. In 

contrast to the situation at HU-stalled forks pausing and recovery at natural pausing 

sites does not require the checkpoint kinases Mec1 or Rad53, nor is recombination 

involved (Calzada et al., 2005; Ivessa et al., 2003). Importantly, it was shown that 

paused forks at endogenous pausing sites in the rDNA are regulated in a similar 

manner (Calzada et al., 2005). The Tof1/Csm3 complex but not Mrc1 seems to 

counteract the function of Rrm3 at  RFBs and maybe also at places, where replication 

collides with transcription (Mohanty et al., 2006). 

Taken together it is clear that the proteins Mrc1 and Tof1 are implicated both in 

maintaining fork stability through multiple pathways, as well as being required for 

normal fork progression. Only Tof1, but not Mrc1, plays a role at natural pause sites. 

On the other hand, Tof1 plays a minor role in the replication checkpoint, while Mrc1 

is an essential adaptor for Rad53 activation in response to HU. Mrc1 also promotes 

fork recovery in a Rad53-independent manner by maintaining replisome integrity 

after HU-induced replication fork stalling. These two proteins exemplify a general 

theme arguing that different lesions (HU-stalled fork) or lesion-like structures (paused 

fork) are detected differently and trigger distinct molecular responses. 

 

1.5.5 The role of the chromatin environment in maintaining genomic stability in 

response to stalled replication forks 

DNA replication in eukaryotic cells does not occur on a naked double helix but 

instead the template is wrapped around nucleosomes. The expected overall structure 

at this stage of the cell cycle resembles the 30nm fiber (Bystricky et al., 2005; 

Tremethick, 2007). Therefore, it was expected that factors involved in nucleosome 
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deposition and in chromatin remodeling would interfere and modulate the activation 

of the replication checkpoint or the fate of stalled or collapsed replication forks. 

Although the assembly of histone variants can occur in a replication-independent 

manner, the assembly of the bulk of nucleosomes is coupled to replication (Henikoff 

and Ahmad, 2005). Chromatin Assembly factor 1 (CAF1) deposits histones directly at 

the replication fork. CAF1 recruitment is mediated by its interaction with PCNA. Loss 

of the essential function of CAF1 in proliferating human cells creates spontaneous 

DNA damage and defects in S phase. Consistently, a dominant negative mutant of 

CAF1 induces an S-phase arrest through an intact checkpoint pathway. This shows 

that defects in chromatin assembly can lead to a DNA damage signal (Ye et al., 2003). 

 

In budding yeast caf1 mutants show no severe phenotype, since there exists a parallel 

pathway of nucleosome assembly involving Hir proteins. These were originally 

described as repressors of histone gene transcription after activation of the replication 

checkpoint.  In addition the histone chaperone Asf1 functions during replication and 

shows synthetic defects with CAF1 (Gunjan et al., 2005; Kats et al., 2006). Several 

reports link the function of Hir proteins, histone gene transcription, and 

heterochromatic silencing with the protein Asf1 (Green et al., 2005; Krawitz et al., 

2002; Sharp et al., 2001; Sharp et al., 2005; Sutton et al., 2001). Asf1 is important for 

genomic stability since asf1 mutant cells are sensitive to MMS as well as HU, and 

arrest at the G2/M checkpoint after release from an acute HU block (Tyler et al., 

1999). Interestingly Rad53 forms a complex with Asf1, which is resolved after 

checkpoint activation. The overexpression of Asf1 can suppress the temperature 

sensitivity of mrc1 rad53 double mutants and the HU sensitivity of rad53 mutants, 

suggesting that one major function of Rad53 is to regulate chromatin assembly (Emili 

et al., 2001; Hu et al., 2001). Additionally Rad53 regulates histone protein levels in a 

kinase-dependent surveillance mechanism. Consistently, rad53 mutants are extremely 

sensitive to histone overexpression (Gunjan and Verreault, 2003). Budding yeast Asf1 

can be functionally replaced through human and Drosophila orthologs for its role in 

suppressing replicational stress or DNA damage (Tamburini et al., 2005). Since these 

orthologs are not interacting with Rad53 this opens the question whether the Asf1- 

Rad53 interaction is important for maintaining genomic stability. 

Sharp et al. now provide evidence that the function of the Asf1-Hir-protein complex 

in chromatin-mediated silencing is regulated by the checkpoint kinases Mec1 and 
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Dun1. The authors propose that Mec1 promotes the dissociation of the inactive 

Rad53-Asf1 complex towards an active Asf1-Hir complex formation, while the 

Rad53 target Dun1 has the opposite role (Sharp et al., 2005). On the other hand, 

progression through S phase is also impaired in asf1 mutants because the loss of ASF1 

activates the DNA damage checkpoint, causing cells to accumulate at G2/M-phase. 

Spontaneous DNA damage resulting from impaired replication correlates with an 

elevated rate of Ddc2-damage foci formation. This in turn leads to a higher rate of 

genomic instability than would normally occur. This harmful situation can be further 

aggravated by either compromising the checkpoint by a rad53 mutant by impairing 

recombination (i. e. rad52 deletion) or by changing the epigenetic chromatin 

environment. This was achieved with the h2aS129* double mutant, as discussed below 

(Ramey et al., 2004). Similar observations were made in another study, which showed 

that asf1 mutant yeast cells have a delayed S phase progression and increased Ddc2 

foci formation (Kats et al., 2006). There is also an increased Rad53 phosphorylation 

in asf1 mutant cells. The authors argue that normal S phase progression in asf1 mutant 

cells requires replication checkpoint proteins and that defects in Asf1 lead to unstable 

replication forks, which then are stabilized by checkpoint proteins to avoid fork 

collapse. Furthermore asf1 mutant cells are sensitive to MMS and show a slow growth 

phenotype on HU.  

A recent report of Franco and coauthors lends further insight into the molecular role 

of Asf1. The authors show that the replication defect of asf1 mutant cells is strongly 

aggravated by a cold sensitive rfc1-1 mutation, leading to incomplete replication and 

growth defects. This effect is due to a specific interaction with Asf1 since mutants of 

Caf1 and Hir-complex proteins did not show these phenotypes. This suggests a direct 

role for Asf1 at the replisome, and indeed Asf1 is required for replication in the 

presence of a low dose of MMS. Finally it was also shown that by HU stalled 

replication forks are unstable in asf1 mutant cells (Franco et al., 2005). Although Asf1 

binds directly to the RFC complex, the amount of RFC, PCNA and Polε decreases in 

asf1 mutants. In contrast, Polα is enriched at stalled replication forks in the same 

alleles. The authors suggest that Asf1 maintains the elongation machinery at stalled 

replication forks. In mutants that uncouple MCM helicase from the replisome or 

deregulate the polymerase switch, Polα levels increase. Thus, Franco et al. show 

nicely that besides its functions for histone deposition and regulation of histone gene 
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transcription, Asf1 affects genomic stability also in a more direct manner, by acting at 

the replisome itself. 

The findings in yeast cells are likely to be valid in higher eukaryotes as well, since 

yeast asf1 mutants can be complemented by homologues of higher eukaryotes. 

Depletion of ASF1 function in higher organisms is even more deleterious than in 

yeast. Specifically, RNAi mediated knockdown of Drosophila ASF1 leads to 

accumulation of cells with replication foci and causes a defect in DNA replication 

monitored as reduced BrdU incorporation. Consistently, dASF1 colocalizes with 

MCM2-7 by immunofluorescence throughout S phase (Schulz and Tyler, 2006). Asf1 

depletion in chicken DT40 cells resulted in accumulation of cells in S phase with 

decreased DNA replication and finally leading to cell death (Sanematsu et al., 2006) 

These authors also report impaired nucleosome assembly and increased nuclease 

sensitivity. In addition to the functions discussed above, a recent report links Asf1 to 

histone H3 acetylation at lysine 56 (Recht et al., 2006).  

 

1.5.6 A role of histone modifications at stalled and collapsed replication forks? 

Specific histone modifications are important for the cellular response to DNA damage 

(Downs et al., 2007; van Attikum and Gasser, 2005). Here I will focus on those 

modifications with a potential role in the response to stalled or damaged replication 

fork structures. 

The occurrence of histone H3 acetylation at lysine 56 was discovered at the same time 

by three different groups (Masumoto et al., 2005; Ozdemir et al., 2005; Xu et al., 

2005) and its in vivo presence was confirmed soon thereafter by mass spectrometry 

(Hyland et al., 2005). Xu and coworkers discovered that K56 acetylation impairs the 

contact of DNA with the globular domain of H3. Its presence is important for 

recruitment of the SWI/SNF remodeling complex and for histone gene transcription. 

Masumoto et al. and Ozdemir et al. then showed that mutant strains lacking the 

acetylation of K56 are very sensitive to HU, UV irradiation, as well as DNA breaks 

induced by CPT and Bleomycin. Whereas Ozdemir and coworkers observed equal 

abundance of this modification throughout the cell cycle (Ozdemir et al. 2005), 

Masumoto and coauthors showed that H3K56 acetylation is most abundant on newly 

synthesized H3 and that modified H3 was incorporated into chromatin during 

replication (Masumoto et al., 2005; Ozdemir et al., 2005). This was later confirmed by 
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two independent studies (Driscoll et al., 2007; Maas et al., 2006): K56 acetylation 

occurs only during S phase and disappears in G2. The modification was shown to 

occur adjacent to replication coupled DSBs, and to be abundant in chromatin 

immunoprecipitations for topoisomerase I, when bound to broken DNA ends. Though 

the acetylation normally disappeared in G2, in cells with DNA breaks the 

modification is maintained in a manner dependent on DNA damage signaling by Rad9 

(Masumoto et al., 2005). Finally it was show that the acetylation of H3-K56 is 

important for histone DNA interactions. Nucleosomes bearing the H3 K56Q mutation 

were hypersensitive to micrococcal nuclease digestion, because the plasmid 

supercoiling was decreased. This argues that acetylation opens up chromatin by 

weakening histone DNA interactions. The open chromatin environment seems to be 

beneficial for the repair of replication coupled DSBs (Masumoto et al., 2005). 

Using a genetic approach Recht et al. showed that mutants for H3-K56 acetylation 

have similar DNA damage phenotypes as asf1, and that asf1 and K56 ac mutants act in 

the same genetic pathway. Acetylation of H3-K56 is lost in asf1 mutants, but not in 

cells lacking the CAF1 or HIR complexes. Moreover the loss of K56 acetylation 

correlates with the DNA damage sensitivity of asf1 alleles. The site of interaction 

between Asf1 and the C-terminus of H3 was correlated with damage sensitive asf1 

mutations, whereas the sites of interaction between Asf1 and Hir proteins were not. 

Finally, the asf1 mutants that showed intermediate levels of K56 acetylation also 

showed intermediate sensitivity to DNA damaging drugs, while mutants that 

abolished K56 acetylation were highly sensitive to DNA damage. This correlation led 

the authors to conclude that Asf1 acts primarily through H3-K56ac to maintain 

genomic stability (Recht et al., 2006). If this were true the acetylation mimicking H3-

K56Q mutation should complement an asf1 mutant phenotype. Indeed, HU sensitivity 

and the slow growth phenotype of asf1 mutant cells was substantially suppressed in 

this mutant, yet H3-K56Q cells still were slightly hypersensitivity to HU. This 

suggested that deacetylation might also be important for genomic stability (Recht et 

al., 2006). The deacetylases that remove H3-K56ac are two Sir2 homologues, Hst3 and 

Hst4. They act in the G2 phase of the cell cycle. Both, the deacetylation of H3-K56 

during normal unchallenged cell-cycle progression, as well as downregulation of the 

deacetylase in response to checkpoint activation to maintain H3-K56 acetylation, are 

important for genome stability (Celic et al., 2006; Maas et al., 2006).  
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The acetyltransferase responsible for H3-K56 modification was identified as Rtt109 

this year (Collins et al., 2007; Driscoll et al., 2007; Han et al., 2007a). rtt109 mutants 

lose H3-K56 acetylation and show increased sensitivity to the genotoxic drugs 

creating DNA damage in S phase: HU, MMS, CPT and Phleomycin. Furthermore 

they show an S-phase specific increase in spontaneous chromosome breaks as 

monitored by Rad52 foci formation (Driscoll et al., 2007; Han et al., 2007a). Driscoll 

et al. furthermore showed that RTT109 deletion suppresses the temperature sensitive 

growth defect of hst3 hst4 mutant strains. By assaying the superhelical density of a 2μ 

plasmid they found increased supercoiling in the rtt109 mutant, like that found in the 

asf1 mutants. They propose that Asf1 stimulates the in vitro acetyltransferase activity 

of Rtt109 for histone H3-K56 acetylation. This suggests that these proteins may act 

together in one pathway to regulate chromatin structure and genomic stability 

(Driscoll et al., 2007). This was confirmed by a genetic interaction map that places 

H3-K56 acetylation in one epistasis group with RTT101, MMS1, MMS22, RTT109 and 

ASF1. The first three genes (RTT101, MMS1, MMS2) are members of a ubiquitin 

ligase complex and deletion of these genes suppresses the growth defect induced by 

hyperacetylation of H3-K56.  This suggests that the ubiquitin-ligase complex 

involving RTT101 acts downstream of H3-K56 acetylation (Collins et al., 2007). The 

authors suggest, based on genetic interaction data, that the Rtt101 ubiquitin ligase 

complex-mediated ubiquitylation may target components of the replication checkpoint 

(Mrc1, Tof1, Csm3) as well as cohesion factors (Dcc1, Ctf4, Ctf8, Ctf18) for 

degradation through the proteasome to promote replication fork progression (Collins 

et al., 2007). In the meanwhile it was shown that H3-K56 acetylation was stimulated 

when Rtt109 forms an active complex with either Asf1 or another histone chaperone 

Vps75. Only the Rtt109/Asf1 complex was found to be important for resistance to 

genotoxic stress (Tsubota et al., 2007). The binding of histones H3 and H4 to Asf1 is 

required for efficient acetylation of  H3-K56 (Adkins et al., 2007), and recently also 

the structure of Asf1 bound to H3 was solved. Intriguingly, point mutations in H3 that 

perturb the histone/Asf1 interface decrease levels of H3-K56 in vivo and show a 

corresponding phenotypic defect (Agez et al., 2007). 

Importantly H3-K56 acetylation seems to be crucial for the maintenance of replication 

fork stability, since replication fork association of three replisome components Polε, 

PCNA and Rfc3 at two early firing origins ARS607 and ARS305 was reduced to 

background levels by Chromatin Immunoprecipitation after release of rtt109 or 
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H3K56R mutant cells into HU (Han et al., 2007b). Therefore H3-K56 acetylation may 

also explain many of the replication functions associated with Asf1. It is the first 

example of a histone modification that affects genomic maintenance during an 

unperturbed S phase, as well as in response to fork associated DNA damage. 

Interestingly, this modification behaves differently than other modifications. The most 

well known marker of DNA breaks is γH2AX (in yeast γH2A), namely 

phosphorylation of H2AS129 (Fillingham et al., 2006; Foster and Downs, 2005; 

Lowndes and Toh, 2005). This phosphorylation occurs in the absence of Rad9 and is 

maintained in this mutant for longer times than the acetylation of H3K56, indicating 

the persistence of DNA breaks. Yet a report from Redon and coworkers showed that 

H2AS129 phosphorylation acts in a parallel pathway to RAD9  (Redon et al., 2003), and 

a recent report of the same laboratory suggests that it might work in the same pathway 

as Tof1 to overcome replication coupled DNA damage induced by CPT (Redon et al., 

2006). 

In human cells the induction of DNA damage during S-phase by UV, MMS and other 

drugs, leads to phosphorylation of H2AX and formation of  γH2AX foci. These foci 

are thought to be associated with DSBs created by replication fork movement through 

a lesion. γH2AX foci are also formed by HU treatment, which leads to stalled 

replication forks, but also creates DSBs at a fraction of these replication forks; 

therefore these foci are widely also seen as DSB associated H2AX phosphorylation 

(Takahashi and Ohnishi, 2005). Nonetheless, γH2AX does not associate exclusively 

with DSBs, since phosphorylation of H2AX at DSBs depends mainly on ATM kinase, 

and H2AX in response to replicational stress created by HU-treatment is modified in 

an ATR-dependent manner (Ward and Chen, 2001). There is clear molecular evidence 

that the mechanism of γH2A phosphorylation in response to HU might be different  

from that at DSBs (Cobb et al., 2005). In budding yeast H2AS129 phosphorylation at 

DSBs depends on both Tel1 and Mec1 (van Attikum and Gasser, 2005), whereas at 

HU-stalled replication forks it depends on Mec1 alone. This result confirmes earlier 

studies in human cells. It is likely that the enrichment of H2A phosphorylation at 

early firing origins after HU treatment is not only associated with DSBs, but with 

stalled fork damage itself. Whereas H2A phosphorylation occurs over 50 kb 

surrounding a DSB, it is exclusively fork-associated after HU treatment. Mec1 and 

not Tel1 is associated with the replication fork providing a means to modify H2A 

(Cobb et al., 2005). This study did not provide evidence for a functional role for H2A 
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phosphorylation in replication fork maintenance, although it will be very interesting if 

such a role can be uncovered. Initial evidence comes from Redon et al. (Redon et al., 

2006), who showed that Tof1 and Csm3 function in the same pathway and 

downstream of γH2A, yet both acted in parallel to pathways involving Mrc1 or Rad9 

activation in response to topoisomerase I/CPT induced DNA damage.  

Under normal replication conditions both topoisomerase I and II are essential to 

counteract tortional stress generated by helicase mediated DNA unwinding as well as 

sister chromatid entanglement, and the absence of both proteins leads to Rad53 

activation (Bermejo et al., 2007). In contrast to damage induced by absence of 

topoisomerase I, damage created by hitting a topoisomerase-cleavage complex seems 

to be checkpoint blind (Redon et al., 2003). Endogenous DNA damage during 

replication of the rDNA repeats is also checkpoint blind, since cells progress without 

arrest at the G2/M boundary into mitosis (Torres-Rosell et al., 2007). Delayed rDNA 

replication occurs in smc5 or smc6 mutants (which form a complex related to 

Cohesin) and Smc5 and Smc6 were shown to be recruited to DSBs as well as to 

collapsed replication forks (Lindroos et al., 2006; Torres-Rosell et al., 2005). The 

CPT-sensitivity of h2aS129* mutant cells (Redon et al., 2003), as well as the 

phosphorylation of H2A (γH2A) at stalled replication forks (Cobb et al., 2005) and 

the occurence of γH2A in rDNA repeats during S phase (Schleker et al. unpublished, 

see Chapter 4), together with the genetic linkage of Tof1/Csm3 to sister chromatid 

cohesion (Redon et al., 2006), argues that γH2A may have an important role in 

mediating sister chromatid cohesion at stalled replication forks. Indeed γH2A is 

required for cohesin loading at DSBs (Strom and Sjogren, 2005). γH2A should 

therefore be particularly important in situations that induce fork collapse and break 

induced replication (Kraus et al., 2001).  

Besides histone H3 acetylation mediated by GCN5 also acetylation of histone H4 

(dependent on the NuA4 complex) was shown to be important during replication. 

Choy and Kron could show that the viable yng2 mutation leads to enhanced 

sensitivity to DNA damage created in S phase by using HU, CPT or MMS or by 

compromising replication by using cdc8 or cdc9 mutations (Choy and Kron, 2002). 

This DNA damage created persistence of the intra-S-phase checkpoint by affecting 

the efficiency of DNA repair. Further the synthetic lethality between gcn5 and yng2 

mutations points on partially overlapping and important roles for histone H3 and H4 

acetylation during DNA replication.  



Chapter 1  Introduction 

 - 28 -

Besides acetylation, other histone modifications have been linked to the DNA damage 

response in S phase. Notably, ubiquitylation of histone H2B on lysine 123 by Rad6 is 

required for Rad53 activation in response to UV and MMS, as well as for the 

corresponding cell cycle arrest mediated by the G1 and the G1/S checkpoint pathways 

(Giannattasio et al., 2005). The authors show that this function is specific for the E2 

ubiquitin conjugating enzyme Rad6 and does not involve Rad5 or the E3 ubiquitin 

ligase Rad18, but requires the E3 enzyme Bre1. Rad6/Bre1 acts also by inducing a 

further posttranslational modification, namely methylation of lysine 79 on histone H3, 

which is mediated by Dot1. The authors herewith could extend a previous finding by 

(Ng et al., 2002) showing that the ubiquitination of H2B by Rad6 is required for 

methylation of H3-K79 by Dot1 on a function for checkpoint activation in S phase. 

The authors finally showed that if additionally H3-K4 methylation by Set1 is 

compromised, the corresponding double mutant strain shows a further aggravated 

defect in the G1/S checkpoint induced by UV treatment (Giannattasio et al., 2005). 

Giannattasio and colleagues have explored further modifications: the methylation of 

H3K79, which is also important for the activation of the effector kinase Rad53. Both, 

Bre1 and Dot1 seem not to be required for Mec1 activation, since both Ddc1 (9-1-1 

complex) and Ddc2 (regulatory subunit of Mec1–kinase) are phosphorylated as in 

wildtype cells (Giannattasio et al., 2005). This suggests that both modifications do not 

affect DNA damage signal perception per se. But phosphorylation of Rad9 is strongly 

reduced. Wysocki et al. (MCB, 2005) enriched these findings by showing that dot1 

mutant cells are deficient for Rad9 phosphorylation and Rad53 activation by γ- 

irradiation in cells arrested in G1 but not in G2/M. They also showed by chromatin 

immunoprecipitation that the recruitment of Rad9 to DSBs in G1 and also in G2 is 

dependent on Dot1. This argues that even the classical DNA damage checkpoint 

pathway monitoring DSBs is differently regulated during the cell cycle and that this 

regulation depends to some degree on chromatin modifications. Additionally the 

authors provided novel insight into the molecular mechanisms of action of these 

chromatin modifications, since they could complement the requirement for Dot1 in 

the intra-S phase checkpoint, by transforming with a Ddc2-Rad53 fusion protein. This 

allowed them to overcome the need for Rad9 as an adaptor in checkpoint signaling, 

thus suggesting a role for the structural connection between H3-K79 methylation and 

Rad9. It was furthermore shown that the human protein 53BP1, a Rad9 homologue, 

binds histone H3 methylated on Lys 79, and that the corresponding conserved 
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residues in a domain called Tudor domain were also required for recruitment of 

53BP1 to DSBs (Huyen et al., 2004). Wysocki et al. next mutated a conserved residue 

in the binding pocket of Rad9, and obtained phenotypes resembling the defect of a 

dot1 mutant strain in G1- and intra-S-phase checkpoint. However they did not affect 

G2 checkpoint signaling (Wysocki et al., 2005). This argues that the docking of Rad9 

onto chromatin does depend on this conserved Tudor domain (Grenon et al., 2007). 

But does H3-K79 methylation primarily affect the DSB-associated checkpoint 

function? Analysis of epistasis of the dot1 mutation with rad9 in backgrounds that 

impair several repair pathways suggested that Dot1 and H3 K76 methylation function 

in base excision repair, homologous recombination and  error-free lesion bypass 

(Bostelman et al., 2007). 

These novel reports implicating histone modifications in S phase checkpoint signaling 

suggest that different modifications are important for maintaining genomic stability 

during replication. They may define an epigenetic code analogous or partially 

homologous to that postulated previously for transcription (Jenuwein and Allis, 2001). 

The epigenetic damage marks may be differently required and have a different read-

out regarding genomic stability for the same damage in different cell cycle stages or 

for different kinds of lesions. Potential links might be made between differential 

functional clusters, as checkpoint activation, fork stability and postreplicative repair. 

 

1.5.7 A perspective: Chromatin remodeling and maintenance of replication fork 

structure  

Chromatin remodeling complexes of the Swi/Snf family e.g. SWR1 and INO80 have 

been shown to be important for the repair of DSBs (Bao and Shen, 2007). It was 

recently shown that the INO80 chromatin remodeling complex localizes to DSBs and 

is important for repair, and that this localization depends upon phosphorylation of 

H2AS129  (van Attikum and Gasser, 2005), which as described in the previous section 

was also shown to be localized at stalled replication forks. 

It is tempting to speculate that the INO80 complex is also recruited to stalled 

replication forks, even more because mutants of the INO80 complex have been shown 

to be very sensitive to HU (Shen et al., 2000; van Attikum et al., 2004). Other data 

points to a more direct role for chromatin remodelers of the SWI/SNF family - e. g. 

INO80 and SWR1 chromatin remodeling complexes- in DNA replication (Falbo and 
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Shen, 2006) It will be interesting to understand to which extent chromatin remodeling 

is required for origin firing and progression of unperturbed replication or for 

replication in the presence of damage.  

The remodeler SWR1 is also clearly linked to DNA replication and maintenance of 

replication fork structure. SWR1 was shown to be required for deposition of the 

histone H2A variant Htz1 into chromatin and a recent report now showed that htz1 

mutants were delayed for DNA replication and cell cycle progression (Dhillon et al., 

2006). Furthermore in the same study a htz1 mutation showed genetic interactions 

with replication genes like orc2-1 and required the replication checkpoint (shown by 

genetic interactions with mrc1-1, rad53-1 and pol2-11) for survival. This suggests a 

potential role of chromatin remodeling in the maintenance of proper replication fork 

structure, similar to that discussed earlier for chromatin assembly by Asf1. 

Further support for a functional link between replication and chromatin maintenance 

pathways was provided by (Pan et al., 2006). This study analysed the DNA integrity 

network of budding yeast by functionally clustering single genes into modules based 

upon their synthetic fitness or lethality defects. Based upon 4956 interactions with 74 

query genes in total interactions between 875 genes were found. The authors could 

define multi-component modules contributing to DNA integrity in yeast. These are 

DNA replication, oxidative stress response, DNA repair, checkpoint signaling and 

chromatin structure maintenance. More specifically, genetic interactions between 

DNA replication genes, DIA2, POL32 and RAD27, the absence of which creates 

endogenous DNA damage, and three functional clusters contributing to chromatin 

structure maintenance, were found. These defined the functions of chromatin 

assembly (represented by CAF1, the HIR module and ASF1), a module linked to 

histone acetylation (with YAF9, EAF3, EAF5 and VID21), and chromatin remodeling 

with components such as the INO80 and SWR1 complexes, and the histone H2A 

variant HTZ1. This study provided genome-wide evidence linking replication, 

chromatin assembly, histone modification, and remodeling to the maintenance of 

genetic stability. Hopefully the molecular mechanisms through which chromatin 

remodeling contributes to this will be uncovered soon. 

The Ies4 subunit of the INO80 complex was recently shown to be a direct target for 

Mec1/Tel1 phosphorylation in response to DNA damage. The Mec1-induced 

phosphorylation of Ise4 was shown through a phosphomimicking mutant to increase 

the phosphorylation state of Rad53. Consistently, cell cycle arrest in response to 
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MMS was enhanced and cells were hypersensitive to MMS and HU. The phospho-

deficient mutant instead shows sensitivity to DNA damage in the absence of Tof1, 

leading to a very pronounced defect on viability in the double mutant. γH2A levels 

and its interaction with INO80 were however not changed (Morrison et al., 2007). 

This genetic interaction with Tof1 supports the idea that the INO80 complex fulfills a 

critical function during checkpoint activation and repair in S phase. Morrison and 

coworkers propose that Mec1 and Tel1 regulates INO80 via two pathways. According 

to this model, Mec1/Tel1 mediated phosphorylation of H2A would recruit the INO80 

complex to pursue mainly a function in DNA repair, whereas phosphorylation of the 

Ies4 subunit would lead to checkpoint modulation in concert with Tof1 (Morrison et 

al., 2007). It would be important to determine in future studies, if the INO80 complex 

also helps maintain replication fork stability at stalled replication forks or natural 

pausing sites, as Tof1 does. A first indication that INO80 indeed might act at the 

replication fork, comes from results showing that arp8 mutants (a subunit of the 

INO80 complex) have a defective in sister chromatid cohesion and are very sensitive 

to benomyl (Ogiwara et al., 2007). The authors further argue that the INO80 complex 

might be involved in establishment of sister chromatid cohesion together with PCNA 

and Ctf18. Future studies are expected to link remodeler-mediated chromatin 

dynamics with the stabilisation of replication forks in response to genotoxic lesions or 

to pause sites in an unperturbed S phase. 
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1.6 Aim of this thesis 
 

Protein phosphorylation as a post-translational modification has a dominant role as a 

molecular signal for regulating cell-cycle transitions as well as for activating the 

DNA-damage checkpoint signaling pathway. This checkpoint pathway depends 

crucially upon the activity of kinases.  

The aim of this thesis is to contribute to our knowledge of the role of phosphorylation 

for DNA-damage signaling by analyzing two specific phosphorylation events, one 

found in the DNA-damage sensing part of the signaling cascade, the other targeting a 

downstream effector of the checkpoint signaling cascade. 

Upstream components of the checkpoint pathway, the sensor kinases Mec1 and Tel1, 

have a prime function in initiating the checkpoint signaling cascade by directly 

activating the checkpoint effector kinase Rad53, which then phosphorylates target 

proteins. These in turn mediate cell-cycle arrest and induce repair genes. At the source 

of the signaling cascade, checkpoint responses differ in a cell-cycle dependent 

manner, such that a higher threshold for damage is needed to activate Rad53 in S 

phase. The aim of the work reported here is to examine whether Rad53 itself is 

regulated directly by phosphorylation in a cell-cycle dependent manner and to analyze 

its effect upon Rad53 checkpoint activity.  

Cellular responses to DNA damage differ not only during the cell cycle, but also in 

respect of the corresponding lesion. Mec1 and Tel1 do not only activate Rad53, but 

also influence repair and recovery processes at the site of DNA damage. One key 

function of these kinases is the phosphorylation of the core histone H2A at serine 129 

(γH2A), a step that is important for the repair of DNA double strand breaks (DSBs).  

A second aim of this thesis is to understand whether Mec1 and Tel1 also induce γH2A 

at other sites of DNA damage, for example stalled replication forks, which are known 

to be structurally and functionally distinct from DSBs. In mammalian cells γH2A 

occurs at senescent telomeres. Yeast telomeres do not senesce spontaneously, yet 

γH2A might occur at the lesion-like DNA structures at natural chromosome ends. The 

final aim of this work is to characterize and determine the presence and function of 

γH2A at these non-DSB sites.  
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2.1 Summary 
 

Genotoxic insults lead to activation of DNA damage checkpoint pathways in all cell 

cycle stages. This response, however, can differ during the cell cycle. In particular, in 

S phase a replication checkpoint monitors the stalling of replication forks in addition 

to the DNA damage sensing checkpoint pathway. Since single-stranded DNA 

activates the replication checkpoint, it can respond to normal replication events. To 

accomodate this, there is a cell-cycle specific threshold for Rad53 activation in yeast 

which means that a higher amount of DNA damage is needed in S phase to activate 

Rad53. 

To better understand this cell-cycle dependent regulation of Rad53 activation we 

examined whether Rad53 itself is modulated in a cell-cycle dependent manner. We 

found that a subpopulation of Rad53 is phosphorylated during late G2 and mitosis, 

leading to a band of slightly lower mobility in SDS-PAGE during G2, M and G1, but 

not in S phase. This phosphorylation depends on both the mitotic Cdc5 (polo-like 

kinase) and Cdc28 (cyclin-dependent kinase) activities. Moreover, purified Cdc5 

kinase can phosphorylate recombinant Rad53 in vitro. 

Galactose-induced expression of partial Rad53 fragments mapped the phosphorylation 

event to the C-terminal part of Rad53. More precisely serines 774 and 789 of Rad53 

were found to be phosphorylated in mitotic cells in the absence of DNA damage. By 

mutagenesis we showed that the phosphorylation of Ser774 is important for mediating 

the cell-cycle dependent migration pattern, while phosphorylation of Ser789 is 

important for enhancing Rad53 phosphorylation in response to low levels of DNA 

damage in the G2/M checkpoint. This activation delays checkpoint adaptation in 

response to a single irreparable double strand break.  

Together these results suggest that in addition to DNA-damage dependent 

hyperphosphorylation of Rad53, Rad53 is also phosphorylated in a cell-cycle 

dependent manner on sites that are independent of those that signal the checkpoint 

response. 

Checkpoint adaptation was shown to involve several proteins including Cdc5, the 

phosphatases Ptc2 and Ptc3 as well as the kinase CK2. CK2 partially acts by 

phosphorylating Ptc2 to promote Rad53 dephosphorylation after several hours of 

active checkpoint signaling. We asked whether the cell-cycle specific modification of 

Rad53 contributes to checkpoint adaptation. We found that Rad53 gets hyperactivated 
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in a cka1Δ cka2-8/13 ts  mutant strain at restrictive temperature of 38.5°C in absence 

of exogenous DNA damage. Similar hyperactivation occurs in response to low 

amounts of DNA damage at 37°C. In both cases, Rad53 activation is dependent upon 

DNA damage signaling, but only partially upon PTC2 and PTC3 function, since in 

ptc2Δ ptc3Δ mutant cells we do not observe Rad53 activation in response to high 

temperature and only slight Rad53 hyperactivation in response to DNA damage. This 

suggests that CK2 acts only partially through Ptc2 and Ptc3 for downregulating Rad53 

activation. Alternatively, the function of CK2 in checkpoint adaptation may be not 

only the downregulation of a checkpoint response, but also the continuous checkpoint 

inactivation during normal checkpoint signaling. If this role were also true in 

transformed mammalian cells, CK2 inhibition could  be used to widen the therapeutic 

window for cancer therapy. 
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2.2 Introduction 
 

Very important barriers to tumorigenesis are provided by DNA damage checkpoint 

pathways (Bartkova et al., 2005; Gorgoulis et al., 2005), which delay cell-cycle 

progression in the presence of unrepaired DNA damage  and inhibit its distribution 

into daughter cells (Hartwell and Weinert, 1989; Weinert and Hartwell, 1988). 

Therefore it is not surprising that mutations in DNA checkpoint genes can be found in 

human cancer-predisposing disorders, such as ATM in ataxia telangiectasia (Savitsky 

et al., 1995) and Chk2 in Li-Fraumeni syndrome (Bell et al., 1999).  

The budding yeast Chk2 homologue Rad53 was identified as an essential 

serine/threonine kinase whose transcription is upregulated in S phase, suggesting an 

important role related to DNA replication (Stern et al., 1991; Zheng et al., 1993). 

Rad53 is an essential component of checkpoint responses in G1, S and G2/M phases 

of the cell cycle (Weinert et al., 1994; Allen et al., 1994). In addition to its role in 

checkpoint signaling Rad53 regulates dNTP levels through a second kinase Dun1 

(Chen et al., 2007; Elledge et al., 1993). Mec1 (human ATR) is a checkpoint protein 

acting upstream of Rad53. It is also essential for yeast growth and is required for 

activation of Rad53 in response to DNA damage. Overexpression of RAD53 

complements the lethality of Δmec1 mutants (Sanchez et al., 1996). Supression of 

lethality of both mec1 and rad53 mutant strains stems from higher basal activation of 

Dun1, which in turn inactivates Sml1 (a negative regulator of ribonucleotide 

reductase). In the absence of either Mec1 or Rad53, Sml1 inhibits ribonucleotide 

reductase and thereby arrests cell growth (Zhao et al., 2001; Zhao et al., 1998; Zhao 

and Rothstein, 2002). 

Independent of Sml1 inhibition, the activated Mec1/Rad53 signal transduction 

pathway promotes cell-cycle delay in response to DNA damage or replication 

blockage. In S phase other functions that depend upon Rad53 are replisome 

stabilization, facilitated replication restart processes, inhibition of the firing of late 

origins, prevention of precocious chromosome segregation and regulation of spindle 

dynamics (Branzei and Foiani, 2006; Krishnan and Surana, 2005). Furthermore 

Rad53 is required to maintain proper bud site selection and cell morphology in 

response to replication stress (Enserink et al., 2006; Smolka et al., 2006).  

DNA damage is recognized by sensor proteins that associate with the DNA lesion in a 

more or less direct way. Important for the detection of DNA damage and triggering a 
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checkpoint response are the Rad24-RFC like complex and the PCNA-like complex of 

Rad17, Ddc1 and Mec3, as well as Mec1 and its essential cofactor, Ddc2. Double 

strand breaks are also sensed by a pathway involving the MRX complex (Mre11, 

Rad50 and Xrs2) and the PI3-like kinase Tel1. Generally in yeast Mec1 has the 

predominant role of sensing DNA damage and promoting checkpoint arrest (Cobb et 

al., 2004; Harrison and Haber, 2006). Ddc2 is essential for proper Mec1 checkpoint 

function (Paciotti et al., 2000; Rouse and Jackson, 2000; Wakayama et al., 2001), as it 

targets Mec1 to sites of DNA damage by recognizing single-stranded DNA bound by 

RPA (Rouse and Jackson, 2002; Zou and Elledge, 2003). 

During the DNA damage and replication checkpoint activation process, Mec1 and 

Tel1 then phosphorylate the so-called adaptor proteins, Rad9 or Mrc1 (Alcasabas et 

al., 2001; Osborn and Elledge, 2003; Schwartz et al., 2002; Sun et al., 1998), which in 

turn lead to activation of  both Rad53 and Chk1 (Harrison and Haber, 2006). In 

budding yeast this cascade of kinases prevents anaphase by two mechanisms: 

activated Chk1 stabilizes the anaphase inhibitor Pds1, whereas activated Rad53 

inhibits polo-like kinase Cdc5 and therefore cytokinesis (Sanchez et al., 1999). 

Recently the predicted  physical interaction of Mrc1 with the FHA1 domain of Rad53 

was confirmed (Smolka et al., 2006) making it likely that Mrc1, like Rad9,  is a bona 

fide adaptor during replication checkpoint activation.  

Rad53 activation occurs in a two step mechanism: First a priming phosphorylation by 

Mec1/Ddc2 occurs and then its activation is amplified by autophosphorylation of 

Rad53 in trans (Ma et al., 2006). The adaptor proteins Rad9, and presumably also 

Mrc1, may function as solid state catalysts to mediate interaction between Mec1 and 

Rad53 and/or scaffold proteins to facilitate Rad53 autophosphorylation in-trans 

(Gilbert et al., 2001; Pellicioli and Foiani, 2005; Sweeney et al., 2005).  

Accordingly Rad53 contains 16 SQ/TQ sites, which are consensus sites for 

Mec1/Tel1 mediated phosphorylation. Four of these sites form SQ/TQ clusters in 

front of each Forkhead Homology Associated (FHA) domains, respectively (Kim et 

al., 1999; Lee et al., 2003b; Traven and Heierhorst, 2005). FHA domains were shown 

to be phosphospecific protein-protein interaction motifs (Durocher et al., 1999) and 

show slightly different phosphopeptide binding specificities (Durocher et al., 2000; 

Liao et al., 1999; Liao et al., 2000). Accordingly also the factors known to interact 

with the two FHA domains are different. The FHA2 domain (C-terminal of the kinase 

domain) was found to interact only with phosphorylated Rad9 (Smolka et al., 2006; 
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Sun et al., 1998; Vialard et al., 1998) and seems to be important only for receiving 

signal input of the DNA damage checkpoint. 

The FHA1 domain of Rad53 was shown to interact with Rad9 as well as with Sgs1, 

Mrc1, Dbf4, Ptc2, Asf1, Dun1, Mdt1 as well as Rad9 (Bjergbaek et al., 2005; 

Duncker et al., 2002; Durocher et al., 1999; Emili et al., 2001; Hu et al., 2001; Lee et 

al., 2003b; Leroy et al., 2003; Pike et al., 2004b; Schwartz et al., 2003). Amazingly a 

further 25 proteins with a wide variety of biological functions, including transcription 

factors and septins also bind the Rad53 FHA1 domain (Smolka et al., 2006). Based on 

these observations the FHA2 domain seems to be mainly implicated for receiving 

upstream signal input of the DNA damage checkpoint, whereas the FHA1 domain is 

the major interface for signaling via the replication checkpoint as well as towards 

downstream target proteins. 

Mutation of both FHA domains is required to render yeast strains as sensitive to DNA 

damaging drugs as rad53 kinase dead or null mutant strains (Pike et al., 2003; 

Schwartz et al., 2003). Nonetheless results from Schwartz et al. (2003) suggest that 

the FHA1 and FHA2 domains have different roles in response to different sources of 

DNA damage. Yeast strains mutated for the FHA1 domain of Rad53 are very 

sensitive to HU, which activates the replication checkpoint and the FHA1 domain is 

required to prevent firing of late origins (Pike et al., 2004a; Schwartz et al., 2003).  

Two studies aimed to map all possible Rad53 phosphorylation sites in response to 

DNA damage. Sweeney et al determined by mass spectrometry phosphorylated amino 

acid residues in response to the UV-mimetric drug 4-NQO. They found 13 potential 

Rad53 autophosphorylation sites and 14 occurring independent of Rad53 kinase 

activity, including Mec1 target sites and one potential CDK site at aa 375 (Sweeney et 

al., 2005). Smolka et al. instead analysed Rad53 phosphorylation sites in response to 

MMS and found 32 phosphopeptides in their study, some of them are potential CDK 

sites (at position 175, 375 and 774) and also occurring in the absence of MMS 

(Smolka et al., 2005). One clear outcome of both studies is that Rad53 

phosphorylation sites in response to DNA damage are not completely overlapping 

(see also Pellicioli and Foiani, 2005) and that some sites, in particular the potential 

CDK sites are phosphorylated in the absence of DNA damage signaling. An overview 

of selected important known phosphorylation sites and Mec1/Tel1 target sites is given 

in Figure 2.5a. 
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Shimada et al showed by using an orc2-1 mutant with reduced replication rate that the 

checkpoint response is impaired specifically in S phase due to the lower amount of 

replication forks (Shimada et al., 2002). The authors propose that the checkpoint in S 

phase is attenuated and responds in a dose-dependent manner taking into account the 

amount of replicating DNA. They argue that the cell buffers this endogenous 

checkpoint signal by a threshold for Rad53 activation which is higher in S phase than 

in G1 or G2 phase cells. Indeed the G2/M checkpoint is known to have a very high 

sensitivity to DNA damage, since one DSB is sufficient to trigger Rad53 activation 

(Pellicioli et al., 2001). 

Yeast cells have evolved a system that overrides the DNA-damage induced 

checkpoint arrest at G2/M after a time-period sufficient for DNA repair, in order to 

increase strain viability (Galgoczy and Toczyski, 2001; Toczyski et al., 1997). 

Checkpoint inactivation occurs ideally after repair, and is then called recovery.  

However, even in the absence of repair yeast cells can override the checkpoint arrest 

after a certain time. In this case it is called adaptation (Toczyski et al., 1997). In 

experimental systems this can be demonstrated by inducing an irrepairable DSB  with 

the HO-endonuclease (Sandell and Zakian, 1993; Toczyski et al., 1997). Toczyski et 

al. screened for adaptation-deficient mutants and identified two genes required for this 

checkpoint adaptation, casein kinase CKB2 and polo-like kinase CDC5. All 

adaptation defective mutants show persistent phosphorylation of Rad53, arguing that 

adaptation involves Rad53 inactivation (Lee et al., 2001; Lee et al., 2003a; Leroy et 

al., 2003; Pellicioli et al., 2001; Vaze et al., 2002). Not surprisingly, phosphatases 

have been reported to play an important role for inactivating the checkpoint arrest 

during recovery or adaptation. For instance in budding yeast the PP2C phosphatases 

Ptc2 and Ptc3 were shown to bind and inactivate Rad53 in response to an irreparable 

DSB, and hence are indispensable for checkpoint adaptation and recovery (Leroy et 

al., 2003). 

The activation and identification of phosphorylation sites of Rad53 in response to 

DNA damage has been studied intensively in the past. Nothing is yet known about 

whether regulatory modifications outside of DNA damage signaling might contribute 

to and modulate Rad53 kinase activity in response to DNA damage. In the current 

study we provide evidence that Rad53 is phosphorylated in a cell-cycle dependent 

manner independent of a DNA damage checkpoint response. This phosphorylation is 

required to avoid premature checkpoint adaptation in response to a single irreparable 
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DSB and contributes to the increased sensitivity of the G2/M checkpoint as compared 

to the intra-S phase checkpoint. Furthermore our results suggest that CK2 is required 

to continuously downregulate Rad53 activation in response to DNA damage. CK2 

therefore prevents hyperactivation of the checkpoint, which would interfere with 

normal cell growth and the recovery from DNA damage. 
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2.3 Materials and methods 
 

2.3.1 Site directed mutagenesis and list of plasmids 

Standard molecular biology techniques were used (Sambrook and Russell, 2001). Site 

directed mutagenesis of plasmid borne RAD53 was performed with the two-stage 

QuickChange Site-Directed Mutagenesis using Pfu polymerase, as described (Wang 

and Malcolm, 1999). Plasmid-bearing RAD53 (YCplac33-RAD53) encodes Rad53 

with a C-terminal HA-tag under control of the endogenous promoter (Sugimoto et al., 

1997). rad53CCA1 (Cell Cycle Alanine Mutant 1), a derivative of RAD53 with S789A 

and S791A substitutions was kindly provided by Daniel Durocher (originally rad53A7, 

(Sweeney et al., 2005). rad53CCA2 has the following mutations: S689A S774A S789A 

S791A E117A ( E117A is silent and does not influence the function of the Rad53 

FHA1 domain, (Durocher et al., 1999).  rad53S774A bears a S774A, rad53S774E a 

S774E and  rad53S789E a S789E mutation. For galactose-inducible expression 

plasmids pNter (originally pJG47-RAD53-FHA1), pKIN (originally pJG47-RAD53-

Kinase) and pCter (originally pJG47-RAD53-FHA2), pCterR605A (originally pJG47-

RAD53-FHA2R605A) and pCterCCA1 bearing S789A and S791A mutations, express 

domains of Rad53 with a C-terminal HA-tag (Bjergbaek et al., 2005).  

 

2.3.2 General Yeast culture conditions  

Yeast strains used are listed in Supplemental Table 2.1 and were grown at 30°C on 

YPAD plates or in liquid YPAD medium (YPAD = YPD + 0.002% adenine) if not 

otherwise stated and where indicated in selective synthetic medium with either 

glucose, raffinose or galactose (Amberg et al., 2005). SCLGG was synthetic medium 

with lactic acid (2% final), glycerol (3% final) and glucose (0.05% final). 

Deletion strains were made by plasmid-borne or PCR based gene disruption and 

verified by PCR and phenotypic analysis (Ivanov et al., 1992; Longtine et al., 1998; 

Wach et al., 1994). 
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2.3.3 Cell cycle synchronization and blockage 

Exponentially growing yeast cultures were synchronized in G1 phase by addition of 

α-factor at pH 4.5 to 5.0 for one cell cycle stage as described (Braguglia et al., 1998). 

Nocodazole and benomyl were added at 10-15 μg/ml to cultures adjusted to 1% 

DMSO. FACS was performed on a Facscalibur Flow Cytometer (BD) as described 

(Frei and Gasser, 2000).  

For specific inhibition of the cdc28-AS1 allele, cells were arrested in mitosis by a 

cdc16-1 block (by shifting the temperature to 37°C for 90 min), and one half of the 

culture was incubated with 17 μM Na-PP1 / 1% DMSO (kindly provided by M. Peter, 

(Jaquenoud et al., 2002), or with 1% DMSO alone, for 90 min. Blockage of 

temperature sensitive CDC mutants was obtained by shifting cultures from 23°C to 

the restrictive temperature of 37°C (or 38.5°C for cka2-8/13 alleles). 

 

2.3.4 Drop assays and checkpoint activation experiments 

Drop assays were a 1:5 or 1:10 dilution series of uniformly grown yeast cultures on 

plates with and without the corresponding drugs at indicated doses. Pictures were 

taken after 2-3 days of continuous growth. 

 

2.3.5 Expression of ectopic protein fragments in yeast 

For yeast strains bearing plasmids pNter, pKIN and pCter, selective medium (Sraff-

trp) was used and protein expression was induced by addition of 2% galactose for 60 

min. Proteins were separated on 10% SDS-PAGE, followed by western blot with Mab 

12CA5 (anti-HA). 

 

2.3.6 Protein extracts, SDS-Page and Western blot analysis 

Whole cell protein extracts were prepared from cell pellets by TCA precipitation 

according to (Yaffe and Schatz, 1984). Precipitates were washed twice with a solution 

containing 70% acetone, 20 % ethanol and 10 mM Tris pH7.5 and bromphenol blue to 

monitor sufficient washing. Proteins were resuspended in SDS sample buffer by 

sonication and denatured prior to SDS-PAGE on 6% Mini-gels (acrylamide: 

bisacrylamide ratio of 37.5: 1). Gel running conditions were: constant 10mA per gel 
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for 3-4 hours at 4°C, hence for 6% gels proteins < 60 kDa have been run out of the 

gel. Endogenous Rad53 was detected with goat anti-Rad53 (yC-19, Santa Cruz 

Biotechnology) and tagged proteins with Mab 9E10 (anti-Myc) or Mab 12CA5 (anti-

HA) or Mab 3F10 (anti-HA, Roche). Secondary antibodies were commerical HRP 

linked anti-rabbit, anti-mouse, anti-rat and anti-goat antibodies. Detection was done 

with the Enhanced Chemi-Luminescence system (Amersham) combined with films or 

the Chemidoc XRS and Quantity One software (both from Biorad). 

 

2.3.7 Immunoprecipitation and phosphatase treatments 

Immunoprecipitation was performed with Mab 9E10 as described (Cobb et al., 2003; 

Cobb et al., 2005) after addition of protease and phosphatase inhibitors. The 

phosphatase reaction was performed using alkaline phosphatase (Roche) in a buffer 

containing 50 mM Tris-Cl pH 8.0, 100 mM NaCl and 2.5 mM MgCl2 (Deak and 

Templeton, 1997) for 1 hour at 37°C. The reaction was stopped by addition of an 

equal colume 2x SDS sample buffer and denaturation prior to SDS-PAGE. 

 

2.3.8 Mass spectrometric analysis 

Rad53-Myc from cells arrested in mitosis (GA-1745, cdc15-2 and GA-1159, cdc16-1) 

was recovered by immunoprecipitation. The coomassie stained bands were processed 

by reduction and alkylation of the cysteines followed by digestion with trypsin. 

Tryptic peptides were separated by nano-HPLC (Agilent 1100 nanoLC system, 

Agilent Technologies) coupled to a 4000 Q TRAP mass spectrometer (Applied 

Biosystems). In the IDA mode the mass spectrometer cycled through six analyses, one 

full-scan MS experiment and one enhanced resolution experiment followed by four 

enhanced product ion experiments. Phosphorylated peptides and phosphorylation sites 

were determined searching UniProt data base restricted to Saccharomyces cerevisiae 

using Mascot (Matrix Science). Resulting sequences were inspected manually. 

Multiple reaction monitoring (MRM) analyses were performed for confirmation of the 

phosphorylation sites as well as for identification of potential CDK sites. 
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2.3.9 Recombinant protein expression and in vitro phosphorylation  

Bacterially expressed substrates for in vitro phosphorylation were GST (pGEX-6P-3), 

Rad53 GST-Nter (GST-FHA1, Durocher et al., 1999) and Rad53 GST-Cter (GST-

FHA2, Durocher et al., 1999) and induced by IPTG and purified with glutathione 

sepharose 4G (GE Healthcare). As control substrates for CDK Histone H1 (Sigma) 

was used and for Plk1 Casein (Sigma) was used. The purified recombinant kinases 

were XeCdc2/Cyclin B (a gift of P. Descombes) and human Plk1 (Proteinkinase.de). 

The reaction buffer for in vitro phosphorylation is based upon protocols of 

Yamaguchi et al. (2005) and Choi et al. (1999) and contains 50 mM Tris pH 7.5, 10 

mM MgCl2, 1mM DTT, 3 μCi γATP, 20 μM ATP, 1mM PMSF, 0.1 mM 

sodiumorthovanadate, 1 mM NaF. The reaction was performed with 10 μg of 

substrate and 0.1 μg kinase in a total volume of 16 μl for 30 min at 30°C.  The 

reaction was stopped by addition of 2x SDS sample buffer and heating to 95°C for 3 

min. The full sample was loaded on 15% SDS-PAGE, the gels were vacuum dried and 

autoradiography was performed. Quantitive results were obtained by using an 

Imaging Screen K (Kodak) and Typhoon 9400 Variable Mode Imager (Amersham 

Bioscience). Images were quantified using Quantity One (Biorad). 
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2.4 Results 
 

2.4.1 Rad53 is phosphorylated in a cell-cycle dependent manner in the absence of 

DNA damage 

In this study we have addressed the question whether the Rad53 protein itself is 

modified in a cell-cycle dependent manner, and if this could contribute to the 

variation in the sensitivity of checkpoint signaling through the cell cycle. Rad53 is 

phosphorylated in response to DNA damage and this leads to a retarded migration 

pattern on SDS-PAGE (Sanchez et al., 1996; Sun et al., 1996). We arrested cells in 

G1 with α-factor, then took samples as cells progressed synchronously through the 

cell cycle in the absence of DNA damage after release. To see if there are cell-cycle 

dependent modifications of Rad53, we monitored migration of endogenous Rad53 by 

SDS-PAGE, maximizing separation by the use of 6% gels (see Material and 

Methods). We identified a novel cell-cycle dependent mobility shift for a portion of 

Rad53. This shift was observed in G1 phase, was not seen in S phase, and returned in 

G2- and M-phase cells as determined by the corresponding FACS profile (see Figure 

2.1a). This cell-cycle dependent upshift was also observed in the second cell cycle 

after α-factor release, demonstrating that the shift was not a response to α-factor 

synchronization. This upshift was far less dramatic than the altered migration 

observed for hyperphosphorylated Rad53 in response to DNA damage (Figure 2.1a). 

We therefore found it important to determine if this novel modification stems from 

phosphorylation. To answer this question we treated immunoprecipitated Rad53 from 

G2/M phase cells with alkaline phosphatase (Supplemental Figure 2.1a). Both the 

DNA-damage dependent Rad53-hypershift and the cell-cycle dependent upshift could 

be reversed into a sharp band in the presence of alkaline phosphatase, while the 

addition of a phosphatase inhibitor abolished this effect. We conclude that the cell-

cycle dependent shift is due to phosphorylation. DNA damage induced 

phosphorylation of Rad53 is dependent on the PI3-like kinase Mec1. We therefore 

asked if the novel cell-cycle dependent phosphorylation of Rad53 requires either 

Mec1 or the second PI3 kinase in yeast, Tel1. However, we still observe the cell-cycle 

dependent upshift of Rad53 in both a mec1-1 mutant (Figure 2.1b) and in a mec1-1 

tel1 double mutant (data not shown). From these results we conclude that the cell-

cycle dependent phosphorylation of Rad53 is independent of checkpoint signaling. 



Chapter 2 Cell-cycle dependent phosphorylation of Rad53 

 - 59 -

 

AA

B
  WT mec1 -1

P
Rad53-Myc

     0        20       60        0         20        60

120
90
60
45
30
15
0

exp

1n 2n

releaseS G1 S S G2/M M S       M

+HU

minafter α-factor60 0 15 30 45 60     90     120

P*

Rad53-Myc
P

Synchronization in G1 release into cell cycle

Synchronization in G1 release into cell cycle

release
minafter α-factor

 
Figure 2.1: Rad53 is phosphorylated in a cell cycle-dependent manner in G1 and G2/M phase  

in the absence of DNA damage  
 
A: Endogenous Rad53 undergoes a mobility shift on SDS-page in G1 and G2/M but not S phase. Yeast cells with Myc-
tagged Rad53 (GA-2019) were blocked in G1 phase by α-factor for 120 min and released synchronously into S phase, samples 
were taken at the indicated time points and Rad53 migration pattern in the absence of damage was analysed by SDS-PAGE. 
Rad53 migration upon DNA damage (60 min in HU) represents hyperphosphorylated forms of Rad53 (P*). Western blot analysis 
was done with anti-Myc. The cell cycle position of the corresponding samples determined by FACS is shown in the right pannel. 
B: The cell-cycle dependent phosphorylation of Rad53 is independent of Mec1 checkpoint function. WT (GA-1040) and 
mec1-1 sml1 (GA-1048) mutant strains with Rad53-Myc were synchronized in G1 phase by α-factor for 75 min and released 
synchronously into S phase, samples were taken at the indicated time points and Rad53 migration pattern in the absence of 
damage was analysed by SDS-PAGE and probed with anti-Myc. 

 

2.4.2 Rad53 is phosphorylated in its C-terminal part in a cell-cycle dependent 

manner 

Rad53 contains a central kinase domain flanked by two FHA domains, FHA1 and 

FHA2, which are required for checkpoint signaling. The FHA1 domain was shown to 

be required for signaling mediated by the replication checkpoint pathway. The FHA2 

domain is involved in the Rad53 response to the DNA damage signaling pathway, by 

binding the RAD9 gene product (see section 2.2). To determine whether one of these 

Rad53 domains is the target of the cell-cycle dependent phosphorylation, we used a 

galactose-inducible system to express plasmids containing the N-terminal 165 amino 

acids (aa) including the FHA1 domain (pNter), the central protein part (aa 177-599) 

including the kinase domain (pKIN), and the C-terminal aa 497-821 including the 

FHA2 domain (pCter) of Rad53 (Figure 2.2a). To look specifically at Rad53 
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phosphorylation during M phase these fragments were induced in cdc15-2 cells at the 

non-permissive temperature, which arrests cells in mitosis (Figure 2.2b).  

 
Figure 2.2: The cell-cycle dependent phosphorylation of Rad53 occurs in the C-terminal  

protein part 
 
A: Schematic representation of Rad53 protein fragments. Protein fragments encoding the N-terminal (Nter), central (KIN) 
and C-terminal (Cter) regions of Rad53 that were expressed from a Gal-inducible yeast expression vector (Bjergbaek et al., 
2005).  The truncated form of endogenous Rad53 used in Figure 2.2d is indicated.  
B: The protein fragment containing the FHA2 domain (Cter) induces additionally also a slower migrating form in SDS- 
PAGE during mitosis. A cdc15-2 temperature sensitive mutant strain (GA-1745) was grown on selective medium Sraff-trp at 
23°C and shifted to restrictive temperature of 37°C for 2 hours. Protein expression was induced by addition of galactose and 
samples were taken after 60 min. Proteins were separated on 10% SDS-PAGE and probed with anti-HA. 
C:  Removal of aa 497-821 eliminates the cell-cycle dependent mobility shift in Rad53. WT Rad53-Myc (GA-2019) and 
Rad53-496HA (GA-3390) were synchronized in G1 phase by α-factor for 90 min and released synchronously into S phase,  
samples were taken at the indicated time points. Rad53-496HA was analysed on a 10% SDS page and run to the middle of the 
gel, full length WT control was run as usual on a 6% gel. Proteins were transfered on membrane and probed with anti-HA and 
anti-Myc, respectively. 
D: Rad53 kinase activity is not needed for the C-terminal phosphorylation. WT (GA-2019) and rad53K227A (GA-3188)  
mutant strains were transformed with pCter. Protein expression was induced by addition of galactose to nocodazole and  
benomyl arrested cells. Protein samples were taken after 60 min and separated on 10% SDS-PAGE and probed with anti-HA. 
 

After cdc15-2 arrest, the Cter-fragment but neither Nter- nor KIN-fragments showed 

an upshift. The same result was obtained for fragments induced in α-factor arrested 

cells (data not shown). The C-terminal domain of Rad53 thus shows the same cell-

cycle modification as full-length Rad53 (see Figure 2.1a). To confirm that the C-

terminal sites are the only targets, we monitored cell-cycle dependent phosphorylation 



Chapter 2 Cell-cycle dependent phosphorylation of Rad53 

 - 61 -

of a truncated form of Rad53, which was created by inserting a HA-tag into the 

endogenous RAD53 gene after residue 496, where the Cter domain starts (Figure 

2.2a). In the Rad53 496-HA strain, the cell-cycle dependent mobility shift is lost 

(Figure 2.2c). This confirms that the phosphorylation marks responsible for the cell-

cycle dependent upshift are found in the C-terminal aa 497-821 of Rad53. 

We then asked whether the Cter upshift is due to an autophosphorylation event. We 

induced expression from pCter in a Rad53 kinase deficient mutant , rad53 K227A, in 

cells arrested in mitosis with nocodazole. We observed no change in the upshift in 

comparison to a WT strain (Figure 2.2d). Hence the cell-cycle dependent 

phosphorylation of Rad53 is not due to Rad53 kinase autophosphorylation. 

Interestingly, the cell-cycle dependent phosphorylation of Rad53 may depend at least 

in part on a functional FHA2 domain, since a fragment bearing a mutation which 

specifically impairs the function of FHA (mutation R605A) showed reduced 

phosphorylation (Supplemental Figure 2.1b). 

 

2.4.3 The cell-cycle dependent phosphorylation of Rad53 depends upon Cdc5 and 

Cdc28 

To more specifically define the point in the cell cycle at which this novel 

phosphorylation of Rad53 occurs we looked at Rad53 mobility shifts in various cdc 

mutant strains that arrest at unique points of the cell cycle. We synchronized cells in 

α-factor and shifted the cultures to restrictive temperature, followed by release from 

α-factor, to allow cells to accumulate at their arrest points (Figure 2.3a). The cdc7-1 

mutant arrests at origin firing, yet we note that the upshifted band of Rad53 is 

maintained even 120 min after α-factor release. This argues that not only passage 

through the G1/S boundary, but also origin firing must occur before the cell-cycle 

dependent phosphorylation of Rad53 is reversed. This mutation also rules out that 

Cdc7 is the Rad53 kinase. 

The loss of phospho-Rad53 in S phase is not due to protein turnover (Supplemental 

Figure 2.2a), nor is it dependent on phosphatases Ptc2 and Ptc3, which 

dephosphorylate Rad53 during checkpoint adaptation (Leroy et al., 2003). Indeed, the 

cell-cycle dependent upshift is still reversed in a ptc2Δ ptc3Δ double deletion strain 

(Supplemental Figure 2.2b). 



Chapter 2 Cell-cycle dependent phosphorylation of Rad53 

 - 62 -

Our previous results (Figure 2.1a) suggested that the cell-cycle dependent 

phosphorylation occurs in G2/M phase cells. We therefore released cells from α-

factor into a cdc15-2 and a cdc16-1 arrest, which reflect metaphase and cytokinesis, 

respectively. In these strains the Rad53 upshift disappeared for ~ 20 min after α-factor 

release (S phase) and was observed again upon entry into mitosis (60 min). The 

modification persisted for the full time of arrest, ruling out a role for the anaphase 

promoting complex in the phosphorylation event. 

 

To sum up, the cell-cycle dependent phosphorylation of Rad53 occurs during the 

G2/M phase of the cell cycle and is present until S phase onset (origin firing). We 

deduce that a mitotic kinase is responsible for the cell-cycle dependent 

phosphorylation of Rad53; consistently we see that Cter is modified when induced at 

the mitotic arrest points of either cdc16-1 (metaphase) or cdc15-2 (telophase). 

However, it is not efficiently modified at the cdc28-4 (G1/S), cdc4-3 (G1/S) or cdc53-

1 (G1/S) arrest points (Figure 2.3b). 

Which mitotic kinase phosphorylates Rad53? Rad53 contains several minimal CDK 

consensus sites (Figure 2.5a) and its human homologue Chk2 was shown to be 

associated with and phosphorylated by the Polo-like kinase Plk1 (Tsvetkov et al., 

2003). Indeed, the polo-like kinase, Cdc5, and the cyclin-dependent kinase, Cdc28, 

are conserved kinases with important mitotic activity in all species (Nigg, 1998). 

Based on this knowledge, we asked whether Cdc5 or Cdc28 mediates the cell-cycle 

dependent phosphorylation of Rad53. We shifted WT and cdc5-1 mutant cells to 

restrictive temperature of 37°C under addition of nocodazole (Figure 2.3c). We 

observed that in WT cells at 37°C the Rad53 protein is completely upshifted during 

the nocodazole-induced mitotic arrest. In contrast there is no detectable upshift in the 

cdc5-1 mutant cells at restrictive temperature, while it is detectable at 23°C. This 

points towards a direct role of Cdc5 in mediating the cell-cycle dependent 

phosphorylation of Rad53. This result is further substantiated by the observation that 

Cter is similarly modified in nocodazole, but not in cdc5-1 arrested cells (see Figure 

2.3b). 
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Figure 2.3: The cell cycle-dependent phosphorylation of Rad53 depends upon Cdc5 and partially 
upon Cdc28 gene function 

 
A: Cells blocked in G1/S (cdc7-1), metaphase (cdc16-1) or telophase (cdc15-2) retain phosphorylated Rad53. Exponentially  
growing cultures of GA-1945 (cdc7-1), GA-1745 (cdc15-2) and GA-1159 (cdc16-1) were arrested by α-factor at 23°C for 90 
min and then shifted in α-factor arrest to 37°C and released after 60 min into the cell cycle at 37°C. Rad53 was separated by 
SDS-PAGE and probed with anti-Myc. 
B: Expression of Cter at different cell cycle arrest points shows the same cell-cycle dependent behavior as endogenous 
Rad53 and indicates requirement of the mitotic kinase Cdc5. Rad53-Cter was expressed at restrictive temperature in (cdc15-
2: GA-1745, cdc16-1 (GA-2294), cdc5-1 (GA-214), cdc28-4 (GA-416), cdc53-1 (GA-1408), cdc4-3 (GA-1188), cdc7-1 (GA-
1945)  and cdc28-1N (GA-414) cells. Strains were grown on selective medium Sraff-trp at 23°C and shifted to restrictive 
temperature of 37°C for 2 hours. Protein expression was induced by addition of galactose and samples were taken after 60 min. 
Proteins were separated on 10% SDS-PAGE and probed with anti-HA. 
C: Mitotic phosphorylation of endogenous Rad53 requires Cdc5 and is reduced if Cdc28 is specifically inhibited. WT 
(GA-180) and cdc5-1 mutant strains (GA-214) were arrested with nocodazole for 120 min either at permissive (23°C) or 
restrictive temperature (37°C). The cdc28-AS1 specific analog Na-PP1 was added to cdc16-1 cdc28-AS1 mutant cells (GA-
2695) at permissive temperature for 180 min or at restrictive temperature for 90 min. Rad53 was separated by SDS-PAGE and 
probed with anti-Rad53. 
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The essential role of Cdc28 throughout the cell cycle makes it more difficult to ask if 

Cdc28 is involved in mediating the cell-cycle dependent phosphorylation of Rad53. 

For example the cdc28-1 mutant strain is known to arrest at START (Pringle and 

Hartwell, 1981) while the G2 defective allele cdc28-1N is defective only in cell cycle 

transition through G2, yet it maintains its kinase activity (Surana et al., 1991). 

Consistent with a role for a CDK, we saw a partial reduction of Rad53 upshift in the 

experiments using the cdc28-1 mutant strain and no reduction for the cdc28-1N 

mutant strain (data not shown). To be able to monitor Cdc28 activity in mitosis, we 

made use of a cdc28-AS1 cdc16-1 mutant strain, where Cdc28 can be specifically 

inhibited by addition of the ATP-analog Na-PP1 in cells arrested in mitosis at the 

restrictive temperature (Jaquenoud et al., 2002). We arrested cells in mitosis by 

shifting the culture to the restrictive temperature and added Na-PP1 to part of the 

culture. We observed a reduction of Rad53 upshift in the cdc28AS1 cdc16-1 cells 

treated with the CDK inhibitor Na-PP1 but not in its absence (Figure 2.3c). This result 

suggests that mitotic CDK is required for, or at least contributes to the cell-cycle 

dependent upshift of Rad53. Indirect support stems from our observation that there is 

a bigger upshift in cells arrested by cdc16-1, which arrests with elevated CDK activity 

than by cdc15-2 (see Figure 2.3a;  Heichman and Roberts, 1996). 

It was previously shown that nocodazole arrest activates Rad53 and that this depends 

completely upon Mad2 (Clemenson and Marsolier-Kergoat, 2006). We therefore 

looked if our cell-cycle dependent phosphorylation would still occur in a mad2 

mutant. We observed that the cell-cycle dependent phosphorylation of Rad53 is 

independent of Mad2 (Supplemental Figure 2.2c), and is therefore independent of the 

previously described mitotic spindle stress.   

We next adressed the question whether the C-terminal part of Rad53 is a direct 

substrate for either Cdc5 or Cdc28 kinases in vitro. To address this question we 

performed an in vitro phosphorylation reaction using recombinant, purified GST-Cter 

as a substrate. The human Cdc5 homolog  Plk1 and Xenopus CDK (Cdc2/Cyclin B) 

kinases were added with P32 labeled γATP (Figure 2.4a).  
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Figure 2.4: The polo-like kinase Plk1 targets the C-terminal part of Rad53 
 
A: Human Plk1 phosphorylates the C-terminal part of Rad53 in vitro. Recombinantly expressed GST, Rad53 GST-Nter 
and Rad53 GST-Cter as well as control substrates Histone H1 and Casein were incubated with recombinant CDK (XeCdc2,  
CyclinB) and Plk1. Displayed are the autoradiogram showing P32 incorporation and the coomassie stained gel for protein loading. 
B: Quantification of experiment A shows that Rad53 GST-Cter is phosphorylated efficiently by Plk1 in vitro. Displayed is  
the signal intensity of the autoradiogram displayed in A. 
 

For the control substrates histone H1 (for CDK) and Casein (for Plk1) were used. This 

confirmed that the enzymes were active and working properly in the chosen buffer 

environment. The phosphorylation reaction using GST-Cter as a substrate led to 

substantial P32 incorporation by Plk1, either when Plk1 was added alone or together 

with CDK (Figure 2.4a). However we observed weak P32 incorporation using CDK 

alone. We saw no significant background phosphorylation of GST alone, instead. 

Quantification of the signal intensity of P32 incorporation normalized to substrate 

amount, showed a strong increase by Plk1 but a weak one with CDK (Figure 2.4b). 

While these results confirm that the human Cdc5 homolog Plk1 can phosphorylate the 

C-terminal part of Rad53 in vitro, the lack of effect by human CDK is not conclusive, 

given the cross species substrate and lack of full-length substrate. We also cannot rule 

out that CDK-mediated phosphorylation of certain substrates is sensitive to buffer 

conditions. Our in vivo and in vitro results strongly suggest that the C-terminal cell-

cycle dependent phosphorylation of Rad53 depends on Cdc5 and Cdc28. The 

presence of consensus motifs for CDK phosphorylation in the Rad53 protein suggests 

that this latter is also a direct effect. 
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2.4.4 Serines 774 and 789 in the C-terminal part of Rad53 are phosphorylated in 

the absence of DNA damage 

Our results argue for the involvement of Cdc5 and Cdc28 kinases. Therefore we 

looked for potential phosphorylation consensus sites for these kinases in Rad53, based 

on sequence predictions. 

It is difficult to predict phosphorylation sites for polo-like kinase because of the 

absence of a clearly determined consensus motif. However a consensus motive for 

Plk1 was suggested as  D/E-X S/T –Φ-X-D/E (X, any amino acid, Φ, a hydrophobic 

amino acid, (Nakajima et al., 2003). Interestingly we observe that serine 198 of Rad53 

fulfills these consensus criteria of being a polo-like kinase target site. Consistently, we 

observe that the N-terminal fragment of Rad53 (GST-Nter) gets efficiently 

phosphorylated by Plk1 (data not shown). We did not detect such a consensus in the 

C-terminal part of Rad53. On the other hand it has been argued that this consensus is 

too strict to account for many  known Plk1 phosphorylation sites (Moshe et al., 2004). 

CDK sites are more readily predictable and the consensus sequence for CDK 

mediated phosphorylation is S/T-P-X-K/R (Endicott et al., 1999). Some yeast targets 

contain only the minimal consensus sequence S/T-P (Rudner and Murray, 2000; 

Ubersax et al., 2003) and Rad53 contains S-P dipeptides at positions 175, 375, 469, 

639 and 774. Figure 2.5a depicts these potential CDK sites as well as DNA damage 

induced phosphorylation sites along the Rad53 protein. 
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Figure 2.5: Ser774 and Ser789 of Rad53 are found to be phosphorylated in the absence of DNA 

damage by mass spectrometry 
 
A: Representation of domain structure and known SQ/TQ phosphorylation sites that are important for activation of  
Rad53 by Mec1/Tel1 in response to DNA damage (Schwartz et al., 2003). Some of these sites were confirmed to be 
phosphorylated in vivo and are labled red (Smolka et al., 2005; Sweeney et al., 2005). Shown are also potential CDK target sites  
and sites found in this study as listed in panel B. 
B: Mass spectrometric analysis of Rad53 indicates a phosphorylation at Ser774 and Ser789 in the absence of exogenous 
DNA damage. Represented is the amino acid sequence of the peptide, in which the phosphorylation sites were found. Also 
further phosphorylation sites found in this study are indicated.  
1) The phosphorylated amino acid is in bold preceded by a ‘p’. Oxidized methionine is marked with a preceding ‘o’. 
C: Phosphorylation of Ser774 but not Ser789/791 is required for the cell-cycle dependent upshift in full length Rad53.  
rad53 sml1 mutant cell cultures (GA-3455) with the described Rad53 alleles borne on plasmids (rad53S774A, rad53S774E,  
rad53S789E) were synchronized in α-factor for 90 min. Protein extracts were separated by SDS-PAGE and probed with anti-HA. 
D: Ser789/791 is important for the mitotic upshift of Cter. cdc15-2 (GA-1745) and cdc7-1 (GA-1945) cells containing the 
indicated plasmids were grown on selective medium Sraff-trp at 23°C and shifted to restrictive temperature of 37°C for 2 hours. 
Protein expression was induced by addition of galactose and samples were taken after 60 min. WT (GA-2019) cells were 
correspondingly arrested by α-factor and protein expression was induced. Proteins were separated on 10% SDS-PAGE and 
probed with anti-HA. 
We next determined phosphorylation sites of Rad53 by mass spectrometry. We 

enriched endogenous C-terminally Myc-tagged Rad53 from mitotically arrested cells 

by immunoprecipitation and identified phosphorylation sites after tryptic digestion by 

determining the peptide sequence via LC-MSMS. We used a data dependent analysis 

approach as well as a candidate based approach for the potential CDK sites. Under 
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these conditions we found that Ser774 as well as Ser789 and/or Ser791 are 

phosphorylated in the absence of exogenous DNA damage. The sequences of the 

peptides and the phosphorylation sites that were found are shown in Figure 2.5b. 

Representative MSMS spectra of the peptides phosphorylated at Ser774 and at Ser789 

are shown in Supplemental Figure 2.3a and 2.3b. 

Of the CDK sites predicted from sequence, besides the C-terminal potential CDK site 

at Ser774, the potential CDK site at Ser175 was also shown to be phosphorylated in 

mitosis in the absence of DNA damage. Multiple reaction monitoring analyses also 

indicate a likely modification of Ser373 or 375; but no confirmation was obtained by 

MSMS sequencing. No evidence was found for a phosphorylation of Ser469 or 639. 

Besides these phosphorylated CDK sites, and the Ser789 phosphorylation, we also 

found that the N-terminal Rad53 peptide is acetylated as well as phosphorylated in the 

absence of DNA damage in mitotic cells. Amino acids 1-17 contain one of the TQ 

clusters important for Rad53 activation by Mec1/Tel1 in response to DNA damage 

(Figure 2.5a) and TQ sites at aa 5 and 8 are phosphorylated in the absence of 

exogenous DNA damage. This is an unexpected finding and could stem either from 

signaling of low levels of endogenous DNA damage or from a yet unknown function 

of Mec1 signaling via Rad53 during mitosis, as the benomyl-sensitivity of both, rad53 

and mec1 mutants may suggest (Supplemental Figure 2.4a). 

We focused our further study on analyzing the function of Ser774 and Ser789/791 

phosphorylation, as these were the sites confirmed to be phosphorylated within the C-

terminal part of Rad53 during mitosis (see Figure 2.5a).  To address if 

phosphorylation of Ser774 or Ser789 is inducing the cell-cycle dependent upshift 

Rad53 monitored on western blot we mutated first Ser774 to alanine or glutamic acid 

in HA-tagged full length Rad53 expressed from the endogenous promoter on a 

CEN/ARS plasmid. We observed that Rad53S774A migrates as the non phosphorylated 

protein does in α-factor arrested cells, whereas Rad53S774E migrates with the same 

mobility as the cell-cycle dependent upshifted form of Rad53 (Figure 2.5c). Indeed, 

mass spectrometry confirmed, that phosphorylated Ser774 mainly occurs in the 

upshifted fraction of the Rad53 protein (data not shown). However we do not observe 

any effect on the Rad53 upshift after mutating Ser789 and/or Ser791 in G1 phase cells 

(Figure 2.5c and Supplemental Figure 2.1c). Rad53 containing Ser639Ala, Ser774Ala, 

Ser789Ala and Ser791Ala mutations (rad53CCA2) migrated the same as rad53S774A 

(Supplemental Figure 2.1c and data not shown). While Ser789/791 phosphorylation 
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does not contribute to the upshift, this phosphorylation was identified by mass 

spectrometry of cells arrested in mitosis and the Ser789/791Ala mutation in Cter 

reduces its upshift by half (Figure 2.5d) This argues that Ser789/791 do function in 

the DNA damage-independent, cell-cycle dependent phosphorylation of Rad53. 

 

2.4.5 Mutation of the cell cycle dependent phosphorylation sites in Rad53 affects 

checkpoint adaptation  

What is the physiological role of the cell-cycle dependent phosphorylation of Rad53? 

We made use of plasmid-borne C-terminally HA-tagged Rad53 alleles expressed 

under control of the endogenous promoter, to address the question if cell growth in 

the presence of DNA damaging drugs might be impaired in the absence of the cell-

cycle dependent phosphorylation sites. 

Figure 2.6a shows that rad53Δ mutants are not viable on plates containing HU or 

MMS in concentrations at which WT strains are still able to grow. Similarly sensitive 

are rad53A8 and  rad53A9 mutants, as reported previously (Sweeney et al., 2005). In 

contrast the mutants of interest, in which Ser789 and Ser791 are mutated to alanine 

(rad53CCA1, (Sweeney et al., 2005) or in which Ser639, Ser774, Ser789 and Ser791 

are mutated to alanine (rad53CCA2), showed no loss of survival in the presence of the 

genotoxic drugs (HU and MMS, Figure 2.6a) nor after irradiation with X-rays or UV 

(Supplemental Figure 2.5a). 

Rad53 was previously shown to be important for regulation of origin firing 

(Dohrmann et al., 1999; Duncker et al., 2002; Santocanale and Diffley, 1998). Since 

we monitor persistence of the cell-cycle dependent phosphorylation event upon 

replication onset (Figure 2.3a), we asked if cell cycle progression from G1 into and 

through S phase might be impaired. We monitored cell cycle progression after α-

factor release for WT, rad53Δ, rad53CCA1 and rad53CCA2. However cell-cycle 

progression in these mutants was not impaired (Supplemental Figure 2.6a). 
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Figure 2.6: Mutation of cell-cycle dependent phosphorylation sites in Rad53 leads to faster 

adaptation of the G2/M checkpoint. 
A: rad53CCA2 mutant cells have no defect in cell viability or cell growth in response to HU and MMS. Shown is a drop assay  
of 10 fold serial diluted rad53 sml1 mutant cell cultures (GA-3455) with the described Rad53 alleles on plasmid for  
complementation on plates with the indicated drug concentration. 
B: Loss of phosphorylation at Ser774 and Ser789/791 leads to faster Rad53 inactivation in response to an irreparable  
DSB. Exponentially growing yeast strains (GA-1693) bearing the corresponding Rad53 allele on a plasmid were exponentially 
grown in SLGG-ura medium and the irreparable HO-cut was induced by addition of galactose. Protein samples were taken at the  
indicated timepoints and separated by SDS-PAGE. Rad53 activation and deactivation kinetics were probed with anti-HA. 
C: Rad53 mutation of Ser789 into alanine (and additionally Ser774 into alanine) results in faster adaptation and reentry  
of cell cycle. The percentage of budded cells was monitored for the corresponding time points of the experiment shown in panel  
B and is represented as moving average with period =3. 
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There was also no defect in cell cycle progression for the phosphomimicking mutants 

rad53S789E and rad53S774E (Supplemental Figure 2.6). This argues that cell-cycle 

dependent phosphorylation of Rad53 does not regulate or influence cell-cycle 

progression itself. Since it is known that the level of damage required for Rad53 

activation differs during the cell cycle (Shimada et al., 2002), we next assayed 

whether the cell-cycle dependent phosphorylation of Rad53 affects its activation in 

the cell cycle phase where it appears. To address this we monitored Rad53 activation 

in the rad53CCA1 and rad53CCA2 mutants during activation of the G2/M checkpoint.  

The G2/M checkpoint is highly sensitive to DNA damage, and one DSB is sufficient 

to trigger Rad53 activation (Pellicioli et al., 2001). Our previous results exclude the 

possibility, that the G2/M checkpoint would be completely deficient in rad53CCA1 and 

rad53CCA2 mutants. We therefore assayed for a drop in sensitivity. In WT and the 

corresponding mutant strains we generated a single irreparable DSB using the HO 

endonuclease, and we monitored Rad53 hyperphosphorylation in response to this 

DSB over 36 hours (Figure 2.6b). Rad53 WT cells are known to undergo adaptation 

in response to an irreparable break after 15-18 hours (Pellicioli et al., 2001). It is not 

yet known to what extent down-regulation (through phosphatases) and/or diminished 

activation (through impaired DNA damage signaling or constant activating events) 

affect Rad53 inactivation.  

Our results showed that initial Rad53 activation occurred in rad53CCA1 and rad53CCA2 

mutants as in WT cells (Figure 2.6b 6 hours). However, the fraction of protein 

undergoing complete hyperphosphorylation is reduced for the rad53 CCA2 mutant, 

suggesting that activation is slightly diminished. Interestingly we saw that while the 

rad53CCA1 and rad53CCA2 mutant proteins returned to the unmodified state by 12 

hours, the WT Rad53 remained hyperactivated at 12 hours. This effect persisted at 

later time points. To verify that rad53CCA1 and rad53CCA2 mutants indeed have a more 

rapid checkpoint adaptation we monitored reentry into the cell cycle by counting the 

number of budded cells at all the time points. This suggests that the cells have adapted 

and passed into the next cell cycle. Figure 2.6c shows that there are no budded cells 

when cells respond to the G2/M checkpoint (6 h). However, rad53CCA1 and rad53CCA2 

mutants start rebudding at 10 hours after break induction, whereas WT cells stay 

arrested for 12 hours (Figure 2.6c). This shows that rad53CCA1 and rad53CCA2 mutants 

adapt more rapidly after arrest due to an irreparable DSB. 
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Interestingly, Cdc5 has already been previously implicated in checkpoint adaptation, 

as demonstrated by the cdc5-ad allele (Toczyski et al., 1997). Therefore we checked 

whether the cell-cycle dependent upshift would still occur in a cdc5-ad mutant strain. 

We observed an identical pattern of Rad53 migration in the cdc5-ad mutant in both α-

factor and nocodazole (see Supplemental Figure 2.1c). This is reasonable, since we 

observed for rad53CCA1 and rad53CCA2 a faster checkpoint adaptation, while the cdc5-

ad mutant has a defect in adaptation (Toczyski et al., 1997). 

The lower extent of Rad53 hyperphosphorylation at early time points for rad53CCA2 

(Figure 2.6b, 6 hours) suggested that there may be reduced Rad53 activation. To 

address this possibility, we looked at early Rad53 activation in G2/M (in cells blocked 

with nocodazole) after treating cells with low amounts of Zeocin (Delacote et al., 

2007; Povirk, 1996). Different concentrations of Zeocin were tested to determine the 

timing and dosage needed for checkpoint activation (data not shown). Supplemental 

Figure 2.5b shows that the hyperphosphorylation and therefore upshift of Rad53 is 

diminished in the rad53CCA2 strain as compared to RAD53. This reduced activation is 

even more obvious in a rad24 background, which reduces the sensing of DNA 

damage (Bjergbaek et al., 2005; de la Torre-Ruiz et al., 1998) ; Supplemental Figure 

2.5b). This observation is confirmed by quantifying the upshift versus total protein for 

the rad53CCA2 allele and the WT RAD53 (see Supplemental Figure 2.5c). We 

conclude that the faster adaptation to DNA damage in G2/M phase of the cell cycle in 

rad53CCA1 and rad53CCA2 mutants stems from decreased activation of Rad53 through 

lack of the cell-cycle dependent phosphorylation. 

 

2.4.6 Rad53 is hyperphosphorylated if CK2 is inactivated and a small amount of 

DNA damage occurs at the same time 

Since the cell-cycle dependent phosphorylation of Rad53 is dependent upon Cdc5, 

which is also important for checkpoint adaptation, we next tested whether another 

kinase known to be important for checkpoint adaptation, CK2 (Toczyski et al., 1997), 

functions in Rad53 phosphorylation. CK2 is encoded by two genes for the catalytic 

subunits Cka1 and Cka2, and two for the regulatory subunits Ckb1 and Ckb2 (Glover, 

1998). A knockout of both catalytic subunits is inviable. We therefore used 

temperature-sensitive mutant strains, in which the CKA1 gene is deleted and the 

CKA2 gene is replaced by temperature sensitive mutant alleles cka2-8 or cka2-13. 
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These deplete CK2 activity at restrictive temperature (Hanna et al., 1995). Strains 

bearing these mutant alleles do not arrest completely at 37°C, but require 38.5°C 

(Hanna et al., 1995). To address whether CK2 inactivation affects the cell-cycle 

dependent phosphorylation of Rad53 or not, we arrested cells in mitosis and 

inactivated CK2 by shifting these mutants to restrictive temperature. Monitoring the 

phosphorylation status of Rad53 on Western blot, we observed no disappearance of 

the cell-cycle dependent phosphorylation of Rad53 in the cka1Δ cka2-8 or cka1Δ 

cka2-13 mutant cells. Instead we detected a hyperphosphorylation of Rad53, similar 

to the level observed after checkpoint activation (see Figure 2.7a, compare Figure 

2.1a). We also noted a slight upshift for cka1Δ CKA2 cells, supporting the idea that 

high temperatures might create some minor DNA damage or DNA damage-like 

signaling. Nevertheless, the ratio of hyperphosphorylated/basal Rad53 is strongly 

altered in the cka2-8 or cka2-13 mutant cells. In the mutants, the major Rad53 band 

consists of hyperphosphorylated Rad53. Furthermore, since the result obtained is the 

same for cka1Δ cka2-8 and cka1Δ cka2-13 mutant cells, this hyperphosphorylation 

does not reflect an allele-specific defect, but rather the inactivation of CKA2. 

To examine whether this checkpoint activation can be induced by exogenous DNA 

damage in cka1Δ cka2-13 mutant cells at sub-restrictive temperature (37°C), which 

per se does not lead to hyperphosphorylation of Rad53 in WT (Figure 2.3a), we 

generated exogenous DNA damage by adding a small amount of Zeocin (5μg/ml) to 

the culture. We compared Rad53 migration in nocodazole arrested cells at 23°C, 

37°C, 37°C + Zeocin, and 38.5°C. As expected, in WT cells, we do not monitor 

complete upshift due to hyperphosphorylation at 37°C + Zeocin or at 38.5°C, yet we 

see strong hyperphosphorylation at both conditions in cka1Δ cka2-13 mutant cells 

(Figure 2.7b). Since there is no hyperphosphorylation in cka1Δ cka2-13 mutant cells 

at 37°C we conclude that higher temperature, as well as a low amount of DNA 

damage, induce Rad53 hyperphosphorylation in the absence of CK2. 

The lack of CK2 could induce Rad53 hyperphosphorylation by different mechanisms.  

One possibility is that the lack of CK2 induces a DNA damage signal by itself. This is 

unlikely, since we observe hyperphosphorylation in cka1Δ cka2-13 mutant cells at 

37°C + Zeocin, however not 37°C (Figure 2.7b).  
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Figure 2.7: Rad53 is hyperphosphorylated if CK2 is inactivated and a small amount of  

DNA damage occurs  
 
A: Inactivation of CK2 in temperature sensitive mutant strains by high temperature leads to hyperphosphorylation of  
Rad53 through high temperature. Yeast strains GA-141 (CKA2 cka1Δ), GA-142 (cka2-8 cka1Δ) and GA-143 (cka2-13 
cka1Δ) were exponentially grown and then arrested with nocodazole and benomyl in mitosis for 120 min, followed by an  
upshift to 38.5°C to inactivate CK2 ts alleles for 120 min. Shown is Rad53 mobility for samples taken before and after the 
temperature shift. Protein samples were taken before (Noc) and after temperature shift (38.5°C), separated by SDS-PAGE and  
probed with anti-Rad53. 
B: Hyperphosphorylation of Rad53 can also be induced by a small amount of exogenous DNA damage at subrestrictive 
temperature and is specific to the involvement of CK2 but not other components of the checkpoint adaptation response. 
Yeast strains GA-141 (CKA2 cka1Δ), GA-142 (cka2-8 cka1Δ), GA.143 (cka2-13 cka1Δ), GA-2019 (wt Rad53-myc), GA-3194 
(ptc2Δ ptc3Δ Rad53-myc), GA-3533 (wt for GA-3530) and GA-3530 (cdc5-ad) were exponentially grown and then arrested with 
nocodazole and benomyl in mitosis, followed by an upshift to 38.5°C for 120 min. or the subrestrictive temperature of 37°C for 
90 min to inactivate ts CK2 alleles and then 5μg/ml Zeocin  Zeocin was added for 30 min. Shown is Rad53 mobility for samples 
taken before (Noc) and after the temperature shift +/- Zeocin. Protein samples were taken at the corresponding time points, 
separated by SDS-PAGE and probed with anti-Rad53. 
C: The hyperphosphorylation of Rad53 due to CK2 inactivation at restrictive temperature depends on an intact  
checkpoint signaling pathway. Yeast strains GA-141 (CKA2 cka1Δ), GA-142 (cka2-8 Δcka1Δ), GA-4347 (rad9 CKA2 cka1Δ)  
and GA-4348 (rad9 cka2-8 cka1Δ) were arrested in mitosis by nocodazole and benomyl for 90 min, followed by shifting the 
culture to 38.5°C for 90 min. Protein samples were taken before (Noc) and after temperature shift (38.5°C), separated by SDS- 
PAGE and probed with anti-Rad53. 
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Since CK2 function is already abolished at 37°C, this makes the creation of de novo 

DNA damage signaling by pure lack of CK2 unlikely. To test if Rad53 

hyperphosphorylation in the absence of CK2 requires DNA damage signaling we 

created a RAD9 deletion in the cka1Δ cka2-8 mutant strain. Cells mutated for RAD9 

are impaired for Rad53 activation (de la Torre-Ruiz et al., 1998; Navas et al., 1996) 

and upon shifting cells to 38.5°C, we accordingly observed no Rad53 

hyperphosphorylation in the cka1Δ cka2-8 rad9 mutant strain (Figure 2.7c). To test if 

the temperature sensitivity of CK2 mutants is induced by a checkpoint response, we 

monitored viability of cka1Δ cka2-8 rad9Δ versus cka1Δ cka2-8 and cka1Δ CKA2 

cells at 30, 37 and 38.5°C. We show that cka1Δ cka2-8 rad9Δ and cka1Δ cka2-8 were 

indistinguishable, with equal loss of viability under these conditions (data not shown). 

A second possibility for the observed effect of CK2 deficiency on Rad53 

hyperphosphorylation would be that CK2 directly phosphorylates Rad53 in response 

to high temperature, or to low amounts of DNA damage. This then would 

downregulate the checkpoint response. However, we do not have yet any indication 

for a direct phosphorylation of Rad53 by CK2. 

A third possibility is that CK2 is required for the activation of proteins which 

downregulate the activation of Rad53 in response to DNA damage. This would lead to 

lower levels of activation in CK2 WT cells, as opposed to cells mutant for CK2. 

Obvious candidates would be phosphatases that dephosphorylate activated Rad53. 

The phosphatases Ptc2 and Ptc3 were shown to dephosphorylate Rad53 during 

checkpoint adaptation (Leroy et al., 2003) and it was shown recently that CK2 

phosphorylates Ptc2 and Ptc3 directly. This phosphorylation increases their enzymatic 

function, promoting checkpoint adaptation (Guillemain et al., 2007). We therefore 

tested whether ptc2Δ ptc3Δ double mutants also show Rad53 hyperphosphorylation at 

37°C + Zeocin and at 38.5°C (Figure 2.7b). This is indeed the case. 

We also observe no increase in hyperactivation of Rad53 in the adaptation deficient 

mutant strain, cdc5-ad, excluding the possibility that our observation is a general 

hallmark of all adaptation deficient mutants. Instead this suggests a specific role of 

CK2 in adaptation. 
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2.5 Discussion 
 

2.5.1 Phosphorylation of Rad53 in a cell-cycle dependent manner depends on 

Cdc5 and Cdc28 

In the current study we provide evidence that Rad53 is phosphorylated in a cell-cycle 

dependent manner, independent of the DNA damage checkpoint response. This 

phosphorylation occurs in mitosis (see Figure 2.1, Figure 2.3). Rad53 was previously 

shown to be phosphorylated in nocodazole-arrested cells (Clemenson and Marsolier-

Kergoat, 2006). In this case activation of the spindle checkpoint was shown to trigger 

phosphorylation of Rad9 as well as Rad53. This phosphorylation is abolished in 

spindle defective mutants, such as a mad2 mutant. We ruled out this pathway for the 

cell-cycle dependent modification reported here (Supplemental Figure 2.2c). The 

phosphorylation we observe is therefore novel and un-related to the observations 

made by Clemenson and Marsolier-Kergoat (2006). 

We furthermore observed that the cell-cycle dependent phosphorylation of Rad53 

depends on both Cdc5 and Cdc28 (Figure 2.3 and 2.4). Cdc5 is an important regulator 

of mitosis and its kinase activity is restricted to the G2/M phase of the cell cycle 

(Cheng et al., 1998). Intriguingly, Cdc5 gets phosphorylated in a Rad53-dependent 

manner in response to DNA damage (Cheng et al., 1998). 

In contrast to human Plk1, which efficiently phosphorylates Rad53 in vitro, we did 

not observe in vitro phosphorylation of the C-terminal part of Rad53 by Xenopus 

CDK/Cyclin B. One possible explanation for our observation is that the substrate site 

can only be phosphorylated by the yeast Cdc28 enzyme in combination with the right 

cyclin. Cyclin specificity has been shown to be very important for selective 

phosphorylation of a large number of substrates (Loog and Morgan, 2005). Indeed, 

we found potential CDK-sites at position 175 and 375 phosphorylated in mitosis in 

the absence of DNA damage. Phosphorylation of these sites was confirmed by other 

studies (Smolka et al., 2005; Sweeney et al., 2005).  
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2.5.2 The cell-cycle dependent phosphorylation of the C-terminus of Rad53 

influences the threshold for Rad53 activation 

We mapped the mitotic phosphorylation event to the C-terminal part of Rad53 (Figure 

2.2). In this part of Rad53 Ser774 and Ser789 were confirmed to be phosphorylated in 

the absence of DNA damage and mutation of both affect the mitotic Rad53 mobility 

shift on SDS-PAGE (see Figure 2.5). Also other studies indicate phosphorylation of 

Rad53 at these positions. Ser774 was indicated, however not clearly confirmed, to be 

phosphorylated in the absence of DNA damage (Smolka et al., 2005). Smolka et al 

propose that Ser789 could be the major initial autophosphorylation site of Rad53 

(Smolka et al. MCP 2005), whereas Sweeney et al. propose Ser789 as a Mec1/Tel1 

target site (Sweeney et al., 2005). We and they, however, find Ser789 phosphorylation 

in the absence of DNA damage (Sweeney et al., 2005).  

Both sites occur in close proximity to two Mec1-phosphorylation sites and 

phosphorylation of Ser774 as well as Ser789 might influence the interaction dynamics 

of the close FHA2 domain, or directly the kinase activity of the holoprotein. The 

FHA2 domain is only known to be targeted via the Rad9-mediated DNA damage 

checkpoint, therefore we would expect a cell-cycle dependent phosphorylation in the 

C-terminal part of Rad53 may influence the DNA-damage checkpoint. We looked at 

activation (Supplemental Figure 2.5) as well as maintenance (Figure 2.6) of Rad53 

activation in response to a single DSB or small dose of DSB creating drugs in the 

corresponding alanine mutants and observe impaired checkpoint function. This result 

is in accordance with a very sensitive checkpoint in G2/M phase cells and a higher 

threshold for Rad53 activation in S phase cells (Shimada et al., 2002).  The cell-cycle 

dependent phosphorylation of Rad53 could contribute to such a threshold of Rad53 

activation, however not in an exclusive manner, since we do not observe any loss of 

viability in rad53CCA1 and rad53CCA2 mutant cells on plates containing genotoxic 

drugs (Figure 2.6).  

Rad53 is effector kinase of the checkpoint signaling pathway, which might be 

influenced also at other stages. Evidence for this comes from human cells, where once 

again CDK regulates the checkpoint response. ATRIP, the human Ddc2 homologue, 

was shown  to be phosphorylated by CDK, and mutation of the phosphoacceptor site 

caused a defect in the maintenance of the G2/M checkpoint (Myers et al., 2007). Also 

DNA damage detection by sensor proteins might be limited in S phase. Following up 
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the study of Shimada et al. (2002), we found that higher levels of the sensor protein 

Rad24 can stimulate Rad53 activation via the intra-S-phase checkpoint response in an 

orc2-1 mutant strain. This result suggests that DNA damage sensing an upstream 

checkpoint signaling might be limiting in S phase (Schleker, 2003). In another study it 

was suggested that also partial loss of the Rad53 kinase by reduction of its protein 

levels provides cells with a growth advantage through premature checkpoint 

inactivation in the presence of MMS-induced alkylating damage but not in response to 

HU-stalled replication forks (Cordon-Preciado et al., 2006). This observation was 

strictly limited to alkylating damage, where checkpoint activation occurs in S phase 

cells (Tercero et al., 2003).  

 

2.5.3 How does the cell-cycle dependent phosphorylation influence adaptation? 

As a unicellular organism where the alternative to growth is death, yeast cells seem 

have to evolved to override the DNA-damage induced checkpoint arrest and reenter 

cell cycle in response to limited damage after a time-period sufficient for DNA repair, 

increasing strain viability (Galgoczy and Toczyski, 2001; Toczyski et al., 1997).  

The observation that activation as well as maintenance of the checkpoint (faster 

adaptation) are affected when the cell-cycle dependent phosphorylation sites Ser774 

and Ser789 are mutated, suggests a model where constant signal input is needed to 

maintain an active checkpoint response and to avoid early adaptation. We propose 

that the cell-cycle dependent phosphorylation lowers the signal threshold needed to 

reach Rad53 activation by reducing the number of Mec1-mediated phosphorylation 

events needed to activate Rad53.  In this model, where the DNA damage signal would 

reduce after some time, even though the damage is not repaired, cells lacking the cell-

cycle dependent phosphorylation of Rad53 would adapt earlier. This idea, that 

preventing checkpoint adaptation requires constant signal input is also supported by 

the results obtained for checkpoint activation in a cka1Δ cka2ts mutant strain (see 

Figure 2.7).  

Whether yeast cells undergo checkpoint adaptation or not depends also on the amount 

of DNA damage, since WT yeast cells can only adapt to one DSB, and not to two 

irreparable breaks (Lee et al., 1998). In addition, the mutation of proteins involved in 

DSB processing and repair, such as yKu70 and yKu80, Rad51, Tid1, Srs2 and Rfa1 

also influence the timing and occurrence of checkpoint adaptation (Lee et al., 1998; 
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Lee et al., 2001; Lee et al., 2003a; Vaze et al., 2002). The adaptation defective 

phenotype for yeast mutants naturally depends on an induced checkpoint response, 

beings relieved by mutation of RAD9 (Toczyski et al., 1997). Since Rad9 functions 

exclusively through Rad53, it is not surprising that Rad53 inactivation and loss of its 

checkpoint kinase activity is the key event in both checkpoint recovery and adaptation 

(Pellicioli et al., 2001; Vaze et al., 2002). Phosphatases have been reported to play an 

important role in the inactivation of the checkpoint arrest induced by DNA damage. 

Notably, in budding yeast the PP2C phosphatases Ptc2 and Ptc3 were shown to bind 

and inactivate Rad53 during adaptation and both are indispensable for the adaptation 

event (Leroy et al., 2003). Similarily the human PP2C phosphatase Wip1, which 

dephosphorylates human Chk2 at Thr68, is critical for the reversal of Chk2 activation 

in response to DNA damage (Fujimoto et al., 2006).  

The mechanism of Rad53 inactivation by Ptc2 and Ptc3 most likely is regulated by 

CK2. CK2 is necessary for in vivo interaction between Ptc2 and the FHA1 domain of 

Rad53 through phosphorylating the FHA-domain binding motif at Thr376 of Ptc2, as 

shown in vitro (Guillemain et al., 2007). Likewise ckb1Δ and ckb2Δ mutant cells are 

also defective for adaptation (Toczyski et al., 1997). However Guillemain and 

coworkers concluded that the effect of CK2 depletion upon adaptation is much 

stronger and can therefore not only be mediated through Ptc2/Ptc3. Consistent with 

this conclusion we do not observe checkpoint hyperactivation in ptc2/ptc3 mutant 

cells, yet we do see this in cells mutated for CK2 function (see Figure 2.7). Recently a 

third phosphatase, Pph3, was shown to be required for stalled replication fork restart 

and recovery from DNA damage by dephosphorylating Rad53 (O'Neill et al., 2007). 

Pph3 in a complex with Psy2 was furthermore shown to interact with the kinase 

domain of Rad53 (O'Neill et al., 2007). Since Pph3 seems to act mainly in S phase, it 

would be interesting to address whether Pph3 removes the cell-cycle dependent 

phosphorylation of Rad53 during normal cell cycle progression. 

Ccd5 has also been proposed to act in a feedback mechanism to turn off Rad53 kinase 

activity (Pellicioli et al., 2001). However, how exactly Cdc5 would downregulate the 

DNA damage checkpoint pathway is still an open question (Lee et al., 2005a). It has 

been shown previously that Cdc5 overproduction can override a Rad53 induced 

checkpoint arrest (Sanchez et al., 1999). But this is most likely through promoting 

mitotic exit, because Rad53-dependent inhibition of Cdc5 inhibits mitotic exit and 

causes G2/M arrest. Overexpression of PTC2 rescues adaptation deficient cdc5-ad 
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mutants, probably by directly reversing Rad53 activation (Leroy et al., 2003). 

Checkpoint adaptation may be influenced by multiple pathways or at multiple points 

of the same signaling pathway. If cdc5-ad would be a gain-of-function mutant, this 

would explain both our model for Cdc5 phosphorylation contributing to Rad53 

activation, as well as the adaptation-deficiency of cdc5-ad mutants. In this respect, it 

is important to note that an interaction between Cdc5 and Rad53 has been conserved 

through evolution. Human Plk1 and Chk2 were shown to interact and colocalise to 

centrosomes and the midbody. Recombinant Plk1 can phosphorylate Chk2 in vitro, 

Plk1 overexpression further enhanced phosphorylation of Chk2 at Thr-68, promoting 

activity of Chk2 (Ahn et al., 2004). Finally the stress response protein Plk3 is 

activated in response to DNA damage in an ATM dependent manner and was shown 

to interact with Chk2, enhancing its activity (Bahassi el et al., 2002). Our data in yeast 

corresponds with the stimulatory effect of Plk3 phosphorylation on Chk2 activity. 

Since both Plk1 and Plk3 can complement the essential Cdc5 function in 

Saccharomyces cerevisiae, we propose that these functions are conserved (Ouyang et 

al., 1997; Lee and Erikson, 1997).  

 

2.5.4 Inhibition of CK2 leads to hyperactivation of Rad53 in response to DNA 

damage  

One possibility for how Rad53 hyperphosphorylation could be influenced by CK2, 

would be via the chaperone protein Cdc37. CK2 and Cdc37 are organized in a 

positive feedback loop that promotes the activation of many protein kinases 

(Bandhakavi et al., 2003). We therefore analysed Rad53 hyperactivation in cdc37 ts 

mutant cells (kindly provided by D. Picard), however did not observe any difference 

to WT cells (data not shown). We therefore do not know for the moment if CK2 acts 

directly or indirectly on Rad53. Further candidates for indirect action are direct 

interaction partners of Rad53, Asf1 and Sgs1. Both are likely CK2 targets (personal 

prediction for Sgs1 and homepage of the Glover lab for Asf1: 

http://www.bmb.uga.edu/glover/ck2substrates.html). Asf1 mutant cells show no 

changed hyperphosphorylation pattern as observed for cka2-8 or cka2-13 mutant cells 

in Figure 2.7a and 2.7b (data not shown). A potential CK2 site lays in an evolutionary 

conserved region in the N-terminal part of Sgs1 at aa positions 423/424 (data not 

shown). Sgs1 is known to interact with the FHA1 domain of Rad53 (Bjergbaek et al., 
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2005) and interestingly phosphorylated amino acids 423 and 424 would fit the ideal 

consensus  for recognition by the Rad53 FHA1 domain (Durocher et al., 1999; 

Durocher et al., 2000; Yongkiettrakul et al., 2004). Mutation of these sites does not 

lead to hypersensitivity on cells containing HU and MMS (data not shown); however 

a careful analysis of Rad53 hyperphosphorylation is still required. 

 

Yeast cells pretreated with heat shock at 38°C were shown to repair Bleomycin-

induced DSBs more efficiently than control strains (Keszenman et al., 2000). The 

authors associate this higher efficiency of DNA repair with heat shock induced 

activation of genes from a regulatory network involving DNA repair, heat shock 

response and DNA metabolism genes. Our results of monitoring Rad53 activation by 

heat shock instead suggest that this protective function of heat shock in the respect of 

subsequent DNA damage might stem from DNA damage caused by the heat shock 

itself. Supporting this idea, even higher temperatures such as used for the 

hyperthermic treatment of tumors, induce DNA damage (Hilger et al., 2005). 

Targeting of checkpoint kinases is generally thought to be therapeutically interesting 

for chemosensitization of tumor cells and chemoprotection of normal cells to widen 

the narrow window of DNA-damaging chemotherapeutics (Zhou and Bartek, 2004).  

However also the specific induction of checkpoint-mediated apoptosis in tumor cells 

through selectable induction of E2F1, named “Activated Checkpoint Therapy”, may 

be a promising therapeutic approach (Li et al., 2003). The human Rad53 homologue 

Chk2 might be a particularly suitable target for such an approach, since Chk2 

overexpression can drive cancer cells into apoptosis and senescence (Chen et al., 

2005). We observed in yeast that CK2 inhibition enhances the checkpoint response in 

the presence of low amounts of DNA damage that do not activate the checkpoint in 

WT cells. If our observation is conserved through evolution, this could potentially be 

used to elict a checkpoint mediated apoptotic response in tumor cells, particularly in 

combination with local radiation or hyperthermic treatment.  

 

There are indications that this could be true. Firstly downregualtion of CK2 is 

associated with replicative and H2O2-induced senescence (Ryu et al., 2006). Secondly 

CK2 has an anti-apoptotic function; since most tumors are overexpressing CK2, and 

on several CK2 inhibitors could induce apoptosis in tumor cells (Ahmed et al., 2002; 

Pagano et al., 2006). Thirdly CK2 could relocalize to distinct nuclear structures in 
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response to UV-irradiation, Ionizing Radiation  and heat shock (Gerber et al., 2000; 

Yamane and Kinsella, 2005). If future experiments would validate that DNA damage 

checkpoints may be hyperactivated in response to small amounts of DNA damage in 

mammalian cells a combined therapy of local irradiation with CK2 inhibitors might 

drive tumor cells into apoptosis and senescence. 
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2.7 Supplementary Material 
 

2.7.1 Supplementary Table 

 
 

Strain Genotype    Origin and Background 
 
GA-141 
GA-142 
GA-143 
GA-161 
GA-180  
GA-181 
GA-414 
GA-416  
GA-871 
GA-903 
GA-904 
GA-1040 
GA-1048 
GA-1081 
 
GA-1148  
GA-1159 
GA-1351 
GA-1408 
GA-1693 
GA-1745 
GA-1868 
GA-1906 
GA-1907 
GA-1945 
GA-2019 
GA-2084 
GA-2135 
GA-2294 
GA-2474 
GA-2695 
GA-3188 
GA-3194 
GA-3388 
GA-3390 
GA-3455 
GA-3530 
GA-3533 
GA-3636 
GA-3666 
GA-4347  
GA-4348 
 

 
MATa, cka1::HIS3, cka2::TRP1, pCKA2::LEU2 (CEN/ARS) 
MATa, cka1::HIS3, cka2::TRP1, pcka2-8ts::LEU2 (CEN/ARS) 
MATa, cka1::HIS3, cka2::TRP1, pcka2-13ts::LEU2 (CEN/ARS) 
MATa, ura1, his7, cdc16-1    
MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3,-112, can1-100  
MATalpha, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3,-112, can1-100  
MAT alpha, cdc28-1N in GA-181   
MAT alpha, cdc28-4 in GA-181   
MATa, his3, leu2, ura3, trp1    
MATa, sml1 in GA-871    
MATa, mec1-1 sml1in GA-871   
MATa, rad53::RAD53-13Myc-KanMX in GA-871  
MATa, rad53::RAD53-13Myc-KanMX in GA-904  
MATalpha, hml::ADE1 hmr::ADE1 ade3::GALHO ade1, leu2-3,112, lys5, trp1::hisG,
ura3-52   
MATa, rad9:.LEU2    
MATa, rad53::RAD53-13Myc-KanMX in GA-161  
MATa, rad53-11, DBF4-Myc::LEU2   
MATa, cdc53-1 in GA-180    
MATalpha, rad53::KanMX, sml1::TRP1 in GA-1081  
MATa, cdc15-2 in GA-1906    
MATa, mad2::URA3    
MATa, cdc15-2, rad53::RAD53-13Myc-KanMX in GA-180 
MATa, mad2::URA3 in GA-1906   
MATa, cdc7-1 in GA-1906    
MATa, rad53::RAD53-13Myc-KanMX in GA-180, rad5-535::RAD5 
MATalpha, mec1-1    
MATa, mrc1-2::KanMX, HIS3    
MATalpha, cdc16-1 in GA-181   
MATa, mec1-100:.LEU2    
MATa, cdc16-1, cdc28::cdc28AS1 in GA-180  
MATa, rad53-K227A, sml1::HIS   
MATa, ptc2::URA3, ptc3::HIS3 in GA-2019   
MATa, rad53::RAD53-3HA-HIS in GA-903  
MATa, rad53::RAD53posN496-3HA-HIS in GA-903  
MATa, sml1::KanMX6 rad53::HIS3MX6 in GA-180  
MATΔ, cdc5-ad in GA-3533    
MATΔ, cyh2 can1 lys5 ade2 ade3::GalHO trp1 his3 ura3 leu2 
MATa, rad24::TRP1 in GA-3455   
MATa, chk1::HIS3 in GA-3455   
MATa, rad9::URA3 in GA-141   
MATa, rad9::URA3 in GA-142 

 
orig. YDH6 (Hanna et al., 1995), YPH250 
orig. YDH8 (Hanna et al., 1995), YPH250 
orig. YDH13 (Hanna et al., 1995), YPH250 
H16C1A1 (Wood and Hartwell, 1982), A364a 
(Thomas and Rothstein, 1989), W303-1A 
(Thomas and Rothstein, 1989), W303-1B 
orig. KNY 1992 (Surana et al., 1991), W303 
orig. KNY 1990 (Surana et al., 1991), W303 
(Paulovich et al., 1997), A364a 
(Paulovich et al., 1997), A364a 
(Paulovich et al., 1997), A364a 
(Frei and Gasser, 2000), A364a 
(Frei and Gasser, 2000), A364a 
(Lee et al., 1998), JMK179  
 
S114 (D. Shore), W303 
Ch. Frei, A364a 
P.Pasero, W303 
K. Shimada, W303 
K. Dubrana, JMK179 
K. Shimada,  W303 
yMP77 (M. Peter), W303 
(Shimada and Gasser, 2007),  W303 
K. Shimada,  W303 
K. Shimada,  W303 
K. Shimada,  W303 
P. Pasero (orig.T. Weinert), W303 
(Alcasabas et al., 2001), W303 
K. Shimada, W303 
(Cobb et al., 2005), W303 
(Jaquenod et al. Embo J 2002), W303 
(Pike et al., 2001), W303 
T. Schleker, W303 
T. Schleker, A364a 
T. Schleker, A364a 
K. Shimada, W303 
(Toczyski et al., 1997), LS20 
(Toczyski et al., 1997), LS20 
T. Schleker, W303 
K. Shimada, W303 
T. Schleker 
T. Schleker 
 

 
Supplemental Table 2.1: Yeast strains used in this study. 
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2.7.2 Supplementary Figures 

 
 
Sup. Fig. 2.1: The cell cycle-dependent upshift of Rad53 is due to phosphorylation, depends 

partially upon a functional FHA2 domain and still occurs in a cdc5-ad mutant strain. 
 
A: The cell-cycle dependent mobility shift of Rad53 is due to phosphorylation.  
Cells with Myc-tagged Rad53 (GA-2019) were blocked by α-factor for 75 min and released into fresh YPAD medium +/- 0.2 M 
HU for 60 min. (G2/M). Rad53-Myc was immunoprecipitated and either mock treated, or incubated with CIP +/- phosphatase 
inhibitor and separated by SDS-PAGE and probed with anti-Myc. 
B: The upshift of Rad53-Cter is reduced in presence of a non-functional FHA2 domain (R603A).  
An exponentially growing culture of a cdc15-2 mutant strain (GA-1745) was arrested at restrictive temperature of 37°C for 120 
min. and protein expression was induced by addition of galactose and samples were taken after 60 min. Protein samples were 
separated on 10% SDS-PAGE and probed with anti-HA. 
C: The cell-cycle dependent upshift still occurs in a cdc5-ad mutant strains. 
The yeast strains GA-3533 (WT) and GA-3530 (cdc5-ad) were transformed with plasmid-borne HA-tagged Rad53 alleles 
RAD53, rad53CCA1 and rad53CCA2. Exponentially grown cultures were arrested either by nocodazole or α-factor for 90 minutes. 
Protein samples were separated on 6% SDS-PAGE and probed with anti-HA. 
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Supplemental Figure 2.2: Upshifted Rad53 protein is not unstable and upshift does not depend 

on Ptc2, Ptc3 and Mad2. 
 
A: Rad53 is stable in cdc15-2 or cdc7-1 arrested cells.  
Exponentially growing cultures of a cdc15-2 (GA-1745) and cdc7-1 (GA-1945) were arrested at restrictive temperature of 37°C 
for 90 min and de novo protein synthesis was blocked by addition of 25 μg/ml Cyclohexamide and samples were taken over a 
period of 120 minutes. Protein stability was also monitored for exponentially growing WT (GA-2019). Protein samples were 
separated by SDS-PAGE and probed with anti-Myc. 
B: The cell-cycle dependent up/downshift still occurs in a ptc2 ptc3 double mutant.  
WT (GA-2019) and ptc2 ptc3 double mutant strains (GA-3194) were synchronized by α-factor in G1 phase for 90 min and  
released into the cell cycle for up to 120 minutes +/- HU. Protein samples were taken at the indicated time points, separated by 
SDS-PAGE and probed with anti-Myc. 
C: The cell-cycle dependent up/downshift still occurs in a mad2 mutant. 
Exponentially grown WT (GA-1906) and mad2 mutant strains (GA-1907) were synchronized by α-factor in G1 phase for 90 min. 
and released into the cell cycle for up to 120 minutes. Protein samples were taken at the indicated time points, separated by SDS-
PAGE and probed with anti-Myc. 
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Supplemental Figure 2.3: Mass spectrometric spectra showing Rad53 Ser774 and Ser789 

phosphorylation 
 
A: Mass spectrometic spectrum showing that Ser774 is phosphorylated in mitotic Rad53 in the absence of exogenous 
DNA damage. Shown is the MSMS spectrum of m/z 889.38 
B: Mass spectrometic spectrum showing that Ser789 is phosphorylated in mitotic Rad53 in the absence of exogenous DNA  
damage. Shown is the MSMS spectrum of m/z 612.1 
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Supplemental Figure 2.4: rad53 and mec1 mutant strains are sensitive to benomyl 
 
A: rad53 and mec1 mutant strains show a defect in cell viability in response to benomyl independent of Rad9 and Mrc1. 
WT (GA-180), rad53-11 (GA-1351), mec1 (GA-2084), mec1-100 (GA-2474), mrc1 (GA-2135), rad9 (GA-1148) and mad2 
(GA-1868) mutant strains were dropped in a 5 fold serial dilution series on plates containing benomyl. 
B: Mutation of the cell-cycle dependent phosphorylation in Rad53 does not lead to a sensitivity to benomyl.  
rad53 sml1 (GA-3455) and rad53 chk1 sml1 (GA-3666) mutant were transformed with plassmide-borne Rad53 WT and  
rad53CCA1 mutant allele. Shown is a drop assay of  a 5 fold serial diluted yeast cells on plates containing benomyl. 
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Supplemental Figure 2.5: Checkpoint activation is partially impaired in the rad53CCA2 mutant 
 
A: rad53CCA1 and rad53CCA2 mutants have no increased sensitivity to X-ray and UV irradiation. 
rad53CCA1 and rad53CCA2 alleles have no defect in cell viability in response to irradiation by X-rays and UV. Shown is a drop 
assay of 10 fold serial diluted rad53 sml mutant cell cultures (GA-3455) with the described Rad53 alleles on plasmid for 
complementation on plates after irradiation with the indicated irradiation dose. 
B:  Lack of mitotic phosphorylation at Ser774 and Ser789/791 leads to a lower extend of Rad53 hyperphosphorylation in  
response to Zeocin-induced DSBs. 
rad53 sml (GA-3455) and rad53 rad24 sml1 (GA-3636) mutant strains were transformed with pRAD53 and prad53 CCA2. 
Exponentially growing cells were shifted to YPAD medium, blocked with nocodazole in G2/M for 90 min and then DSBs were 
induced by addition of 5 μg/ml Zeocin. Protein samples were taken for the indicated time points, separated by SDS-PAGE and 
probed with anti-HA. 
C: Quantification of Rad53 hyperphosphorylation.  
The ushifted versus total Rad53 protein in the rad24 mutant strain of the experiment shown in B was quantified using  
Quantity One. 
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Supplemental Figure 2.6: The analysed rad53 alleles show a normal cell cycle progression 
 
A: rad53CCA1 and rad53CCA2 mutant strains have a normal S phase progression. 
The yeast strain GA-3455 (rad53 sml1) was transformed with RAD53, rad53CCA1 and rad53CCA2. Control is a strain transformed 
with empty vector pYCP50. Exponentially grown cultures were arrested by α-factor in G1 phase for 90 min. and released into S 
phase. Cell cycle position of the synchronized cultures after release in 5 minute intervals was determined by FACS. 
B:          Rad53 phosphomimicking mutants have normal cell cycle progression. 
The yeast strain GA-3455 (rad53 sml1) was transformed with RAD53, rad53S774E and rad53S789E.  
Control is a strain transformed with empty vector pYCP50. Exponentially grown cultures were arrested by α-factor in G1 phase  
for 90 min. and released into the cell cycle. Cell cycle position of the synchronized cultures after release was determined by  
FACS. 
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4 T. S. contributed data shown in Figure 7 of the paper. 
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3.1 Summary 
 
Cells are especially sensitive to genotoxic events during DNA replication and have 

therefore evolved a surveillance system, the intra-S-phase checkpoint that ensures the 

fidelity and completion of DNA replication before the onset of mitosis. Besides DNA 

damage, which activates the checkpoint in all cell cycle phases, an S-phase specific 

replication checkpoint responds to stalled replication forks and has an important role 

in maintaining replication fork structural integrity.  

Stalling of replication forks in Saccharomyces cerevisiae by hydroxyurea treatment 

leads to stabilization of DNA polymerases and recruitment of checkpoint proteins 

(e.g. the ATR homologue Mec1), which can be observed by Chromatin 

Immunoprecipitation. 

It was shown that the recruitment of checkpoint proteins and especially Mec1 leads to 

recruitment or modification of downstream components which initiate DNA repair. 

One of the major targets of ATR/ATM kinases in the damage response is 

modification of a C-terminal serine residue in the H2A variant, H2AX (in mammals) 

or H2A itself in yeast. The modified form of H2A (γH2A) spreads for roughly 25 kb 

to either side of an induced DSB and its modification reflects the activities of both 

Mec1 and Tel1 (the ATM homologue). At DSBs H2A phosphorylation is necessary 

for the recruitment and loading of cohesin, which favors repair from the sister 

chromatid, as well as the INO80 and SWR1 nucleosome remodeller complexes. 

Checkpoint signaling and DNA repair mechanisms at stalled forks are still less well 

understood. We therefore analysed if γH2A would be present at stalled replication 

forks. By using Chromatin immunoprecipitation with a phospho-epitope specific 

antibody we monitor abundant phosphorylation of histone H2A at serine 129 at HU-

arrested replication forks. The distribution is similar to that of the stabilized 

replication polymerase, DNA Polε. This phosphorylation is highly reduced in a mec1 

mutant strain and persists at a higher level in a tel1 mutant strain. This is in contrast to 

the situation at DSBs, where both, Mec1 and Tel1 are required for efficient H2A-

phosphorylation.  
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3.2 Copy of the publication (Cobb et al., 2005) 
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Chapter 4 
 

Histone H2A S129 phosphorylation occurs at 

replicating rDNA and naturally elongating 

telomeres in Saccharomyces cerevisiae. 
 

Thomas Schleker, Haico van Attikum5, Véronique Kalck6 and Susan M. Gasser7 

 

                                                 
5 H.vA. performed microscopy and data analysis of the results shown in figure 4.5a, and Q-PCR for 
Figure 4.2f, and contributed to the design and choice of experiments. 
 
6 V.K. did immunofluorescence stainings and, together with T.S., microscopic acquisition and image 
processing. 
 
7 S.G. was supervising choice and analysis of experiments, and manuscript preparation. 
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4.1 Summary 
 

The rapid phosphorylation of histone H2A at serine 129 (γH2A) by Mec1 and Tel1 is 

thought to help signal DNA double-strand breaks to the DNA repair machinery. We 

have previously reported that Mec1-mediated H2A phosphorylation occurs at stalled 

replication forks (see Chapter 3). In the current study, we found high levels of γH2A 

at the rDNA locus and telomeres during the S phase of yeast cells growing normally. 

We found that γH2A is a marker of sub-telomeric nucleosomes that depends mainly 

on Tel1 kinase. These constitutive levels further increased during the elongation of 

critically short telomeres. We showed that γH2A contributes to telomeric anchoring in 

S-phase yeast cells, possibly in parallel to the yKu and Sir4 anchoring pathways. This 

demonstrates that γH2A is not only important for signaling DNA damage, but also 

serves to influence interphase nuclear organization by affecting telomere positioning. 
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4.2 Introduction 
 

Exogenous DNA damage (e.g. irradiation-induced DNA double-stranded breaks, or 

DSBs) as well as endogenous genotoxic events (e.g. DNA breaks generated by 

replication fork collapse) occur in cells throughout their lifecycle. Eukaryotic cells 

have evolved efficient checkpoint and repair pathways to maintain genomic stability 

in response to DNA damage. Both pathways are influenced by chromatin. Not only do 

histone marks and chromatin modifiers influence gene regulation and higher order 

chromatin structure, but they are also determining factors in DNA repair (Ataian and 

Krebs, 2006; van Attikum and Gasser, 2005). 

One of the best characterized repair and checkpoint pathways is the cellular response 

to a DSB which involves relocalization of checkpoint and repair factors to nuclear 

foci, which can be visualized by fluorescence microscopy. The first chromatin mark 

found in such nuclear foci that appeared to be specific to the DNA damage response 

was the phosphorylation of the histone H2A variant H2AX (γH2AX). γH2AX occurs 

in megabase regions surrounding DNA DBSs in mammalian cells (Rogakou et al., 

1999). This H2AX phosphorylation motif is conserved in Saccharomyces cerevisiae 

in the major H2A isoform. Modification of H2A serine 129 depends on both Mec1 

(ATR homologue) and Tel1 (ATM homologue) kinases. Analogous to the situation in 

mammalian cells, this modification spreads over 25kb either side of an induced DSB 

(Shroff et al., 2004). γH2A is important for DSB repair because it modifies the 

recruitment of the chromatin remodeling complex INO80, which promotes efficient 

end resection (van Attikum et al., 2004; Morrison et al., 2004), and of cohesin, which 

is required for post-replicative repair of the DSB (Strom et al., 2004; Unal et al., 

2004). Two recent reports have proposed that γH2A also aids in the recruitment of the 

checkpoint adaptor protein Rad9 (Javaheri et al., 2006; Toh et al., 2006). 

Besides at DSBs, γH2A was also detected by chromatin immunoprecipitation (ChIP) 

at replication forks stalled by incubation in the chemotherapeutic agent hydroxyurea 

(HU), which provokes dNTP depletion (Cobb et al., 2005). In this case, H2A 

phosphorylation depended nearly exclusively on Mec1. This specific requirement for 

Mec1 for fork-associated γH2A appears to be conserved in human cells, since 

hydroxyurea-induced γH2AX depends on ATR (Ward and Chen, 2001). 
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Yeast strains bearing mutations for serine 129 in both genomic copies of histone H2A 

are more sensitive to DNA-damaging agents than WT cells (Downs et al., 2000; 

Redon et al., 2003). Redon et al. (Redon et al., 2003) showed that h2aS129A mutant 

strains lacking the phosphorylation site at serine 129 are particularly sensitive to 

camptothecin (CPT). CPT inhibits topoisomerase I, an enzyme that relaxes DNA 

supercoiling by nicking the DNA double-strand, rotating the broken strand and 

religating DNA. CPT blocks these topoisomerase I cleavage complexes and once the 

complex is hit by the replisome, this leads to the formation of DSBs (Pommier, 2006). 

γH2A is not required under these conditions for the checkpoint signaling via RAD24 

and RAD9 genes, which rather indicates a role of γH2A in the repair of CPT-induced 

DSBs (Redon et al. 2003). Since transient topoisomerase I cleavage complexes also 

occur in the absence of the drug, sporadic CPT-like DNA damage during replication 

and transcription will occur even in normal cells. In S phase, this kind of damage will 

be high in regions in which topoisomerase I is particularly active. This could lead to 

the manifestation of replication slow zones, as described by Cha and Kleckner (Cha 

and Kleckner, 2002). 

Not all segments of the yeast genome are replicated with the same ease. There are 

some regions that are difficult to replicate. Those include tRNA genes, origins, and 

transcriptional silencers, as well as the rDNA locus and sub-telomeric and telomeric 

DNA. At these sites, replication forks pause or slow down at non-histone protein-

DNA complexes, and error-free replication fork progression requires additional 

proteins, e.g. the helicase Rrm3 (Azvolinsky et al., 2006; Ivessa et al., 2003; Ivessa et 

al., 2002; Ivessa et al., 2000; Torres et al., 2004). This impairment coincides with the 

occurrence of silent chromatin, which in budding yeast is found at mating-type loci, at 

telomeres, and in the rDNA. Interestingly, the rDNA locus (Voelkel-Meiman et al., 

1987) and also telomeres (Linardopoulou et al., 2005; Rudd et al., 2007) are 

recombination hotspots during normal cell growth. 

The observation (Harvey et al., 2005; Redon et al., 2003) that histone H2A gets 

phosphorylated at serine 129 even in the absence of exogenous DNA damage, as 

monitored by western blots indicates that it might be required to maintain genomic 

stability during normal cell growth. If this is the case, γH2A should occur at known 

recombination hotspots during normal yeast cell growth as these are the rDNA locus 

and telomeres. A further indication that this might be the case is the observation that 

topoisomerase I is enriched in the nucleolus (Muller et al., 1985) and replication of 
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the rDNA coincides temporarily with transcription as observed by electron 

microscopy (Saffer and Miller, 1986). 

With respect to telomeres, it is interesting to note that many DNA damage proteins 

are found at normal yeast telomeres, and are required for telomere length maintenance 

(reviewed in Viscardi et al., 2005). In particular, the H2A phosphorylating kinases 

Tel1 and, in its absence, Mec1 are required for telomere maintenance. mec1 tel1 

double mutants undergo a senescence phenotype like a tlc1 mutant strain with 

depleted telomerase function (Greenwell et al., 1995; Ritchie et al., 1999; Tseng et al., 

2006). 

Whereas telomerase is in principle still catalytically active, telomerase recruitment is 

impaired in the mec1 tel1 double-mutant strain (Chan et al., 2001; Goudsouzian et al., 

2006; Tseng et al., 2006). 

The presence of γH2A in the absence of exogenous DNA damage inspired us to 

analyze where these substantial levels of γH2A are located during normal cell growth. 

In the current study we analyzed the cellular localization of γH2A in normally 

growing yeast cells by immunofluorescence and chromatin immunoprecipitation 

experiments. We observed an increase in γH2A during S phase, and particularly high 

levels of γH2A at the rDNA and at telomeres, supporting the theory that γH2A is a 

marker of endogenous checkpoint-blind DNA damage that is created by the 

replication of recombination hotspots. This modification depends on Mec1, while at 

telomeres the levels of γH2A depend mainly on Tel1. Interestingly, γH2A levels 

increase during the elongation of short telomeres, possibly mimicking a DSB 

response. 
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4.3 Materials and Methods 
 

4.3.1 Yeast strains, culture methods, and general techniques 

Yeast strains used in this study (Supplemental Table 4.1) were of W303 background 

unless otherwise indicated. Deletion strains were made by plasmid-borne or PCR-

based gene disruption and were verified by PCR and phenotypic analysis (Ivanov et 

al., 1992; Longtine et al., 1998; Wach et al., 1994). 

Strains were grown in YPAD at 30°C unless otherwise indicated. The experiments 

monitoring γH2A levels at elongation of short telomeres were performed as described 

in Marcand et al. (1999) in rich medium containing raffinose, galactose, and/or 

glucose. Culture conditions for live microscopy were according to Hediger et al. 

(2002). 

Telomeric silencing was assayed on SC medium. For assaying silencing of the URA3 

gene, SC-ura and SC+0.1% 5-fluoro-orotic acid were used; the ADE2 silencing assay 

was performed on SC medium containing half of the normal amount of adenine 

(0.125%). Southern blot analysis of telomere length was performed according to 

Hediger et al. (2002).  

 

4.3.2 Antibody production 

Polyclonal rabbit antibodies against γH2A were generated by Sigma Genosys. The 

phosphopeptide CKATKA[pSer]QEL was synthesized, conjugated to KLH, and 

injected into two rabbits. The corresponding crude antisera (SG-2397 and SG-2398) 

were passed through a column with the non-phosphorylated peptide attached, 

followed by affinity purification on a column with the coupled phosphopeptide. The 

populations of antibodies of both eluates were therefore highly specific to the 

phosphorylated domain of the peptide used as the antigen. This specificity was 

confirmed using ELISA. 

Mouse monoclonal antibody SG1-25J14 was generated by immunizing mice against 

the phosphopeptide CKATKA[pSer]QEL coupled to KLH, preparation of splenocytes 

and preparation of fusion cell lines. Phosphoepitope-specific monoclonal antibodies 

were produced by subcloning and verified by ELISA and western blot. 

 



Chapter 4  γH2A at replicating rDNA and at telomeres 
 

 - 123 -

4.3.3 Immunofluorescence and live fluorescence microscopy 

Immunofluorescence on yeast spheroplasts was done according to Klein et al. (1992), 

except that cells were incubated in 0.1 μg/ml DAPI for 10 min and then mounted with 

ProLong Gold Antifade Reagent (Invitrogen). 

Primary antibodies used in this study are: Rabbit anti-γH2A (SG-2397); monoclonal 

mouse anti-γH2A SG1-25J14; mouse anti-TAT1 (Woods et al., 1989); monoclonal 

mouse anti-Nop1 (monoclonal antibody A66; Teixeira et al., 1997); and monoclonal 

mouse anti-pore Mab414 (Covance). 

Secondary antibodies used were: Donkey anti-mouse DTAF (Jackson 

ImmunoResearch); donkey anti-rabbit Cy5 (Jackson ImmunoResearch); donkey anti-

rabbit Alexa 555 (Invitrogen); donkey anti-rabbit Alexa 647 (Invitrogen); goat anti-

mouse Alexa 488 (Invitrogen); goat anti-mouse Alexa 647 (Invitrogen). 

Pictures were obtained on Zeiss LSM 510 or 510 Meta microscopes with the 100× 

objective and 1.4 numeric aperture. Pictures were then deconvoluted using Huygens 

professional scientific volume software (Scientific Volume Imaging: www.svi.nl). 

Co-localization and 3D surface-rendering and spot-tracking was done using Imaris 

(Bitplane AG). Live fluorescence microscopy and quantitative analysis of telomere 

spot position were performed on a Tillvision-driven Olympus IX70 microscope as 

described in Hediger et al. (2002). 

 

4.3.4 Immunoblot analysis 

Whole-cell protein extracts were prepared from exponentially growing yeast cells by 

TCA-precipitation. MMS treatment was in a final concentration of 0.1% MMS for 2 

hours. Recombinant histones were expressed in bacteria and purified according to 

Luger et al. (1997) and Shen et al. (2003). 

Proteins were separated on 15% SDS-PAGE and transferred, or spotted on a 

nitrocellulose membrane. γH2A was detected by sequential incubations with 

polyclonal rabbit anti-γH2A (SG-2397/SG-2398), horseradish peroxidase conjugated 

goat anti-rabbit antibody (Jackson ImmunoResearch), and the Enhanced Chemi-

Luminescence system (Amersham); or by using monoclonal mouse anti-γH2A SG1-

25J14, horseradish peroxidase conjugated goat anti-mouse antibody (Jackson 

ImmunoResearch), and the Enhanced Chemi-Luminescence system (Amersham). 
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4.3.5 Chromatin immunoprecipitation 

ChIP was done using rabbit anti-γH2A (SG-2397) and performed and analyzed as 

described (Cobb et al., 2003; Cobb et al., 2005), except that IP wash buffers contained 

0.25M LiCl. 1% Trasylol and other protease inhibitors were added in principle as 

previously described (Strahl-Bolsinger et al., 1997). 10 mM NaF, 1.25 mM NaPPi and 

2.5 mM NaVO5 were added as phosphatase inhibitors. BSA-saturated dynabeads 

incubated with the same extract served as the background control, and DNA for IP 

and input was quantified by qPCR on a Perkin-Elmer ABI Prism 7000 sequence-

detection system. The sequences of primers and probes used are available upon 

request. Error bars shown are SD of the mean of at least two independent ChIPs: 

qPCRs were done in duplicate. 
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4.4 Results 
 

4.4.1 High γH2A levels occur in normally growing yeast cells 

Histone H2A is phosphorylated at serine 129 (γH2A) in response to DNA DSBs, and 

plays an important role in the repair of nuclear DSBs (van Attikum and Gasser, 2005). 

In a previous report (Cobb et al., 2005) we showed, using ChIP, that γH2A occurs at 

high levels at stalled replication forks. The nearly exclusive dependence of this 

phosphorylation upon Mec1 indicates that this signaling cascade is different from that 

at DSBs, where H2A is a target of both Mec1 and Tel1 kinases. In the current study, 

we characterized the occurrence of γH2A in unperturbed cells and in response to 

different kinds of genotoxic insults. 

To perform this study, we generated polyclonal rabbit anti-yeast γH2A antibodies SG-

2397 and SG-2398) and a monoclonal mouse anti-yeast γH2A antibody (SG1-25J14). 

All antibodies showed high specificity for the C-terminal phosphoepitope around 

serine 129 of histone H2A, which we used for immunization, based on Elisa and 

western blot analysis (data not shown). The majority of experiments were performed 

with affinity-purified rabbit anti-γH2A SG-2397. Our first step was to characterize 

this antibody thoroughly (see Figure 4.1). To assess the specificity of the rabbit anti-

γH2A antibody (SG-2397) for its target epitope, we performed a dot blot analysis 

using the serine 129-phosphorylated oligopeptide and its non-phosphorylated form as 

control (data not shown). The antibody also showed high specificity for histone H2A 

phosphorylation at serine 129 on western blots of whole-cell extracts. It even 

recognizes recombinant histone H2A with phosphomimicking glutamic acid 

substitution of the serine at position 129, although it does not recognize recombinant 

phosphorylation-free WT H2A (Figure 4.1a). When DNA damage was induced by 

MMS in WT and mutant cells in which the phosphor-acceptor serine 129 was 

substituted by a stop codon, histone H2A was modified only in WT cells. Indeed, 

γH2A generates a clear signal in extracts from exponentially growing WT cells, and 

this signal increases in the presence of MMS. No signal is detected in the h2aS129* 

mutant cells, where serine 129 is substituted with a stop codon. In a previous study 

(see Cobb et al., 2005 in Chapter 3 and Figure 4.1b) we showed by ChIP that high 

levels of γH2A occur at ARS607 in response to stalled replication forks.  
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Figure 4.1: Characterization of a new anti-γH2A antibody  
 
A: Rabbit anti-γH2A (SG-2397) is specific for phosphorylated histone H2A.  
Whole-cell extracts from exponentially growing WT (GA-180) and h2aS129* (GA-3285) strains with or without 0.1% MMS (2h) 
were separated using 15% SDS-PAGE and probed with anti-γH2A (SG-2397). The righthand panel shows a parallel blot of 
bacterially expressed histone H2A and h2aS129E. 
B: High γH2A levels at stalled replication forks are HU-dependent.  
ChIP was performed on WT cultures (GA-180) after α-factor arrest and release into YPD +/- 0.2M HU as indicated. qPCR 
monitored ARS607 and sites at +4 and +14, as well as the late-firing origin ARS501. Results with antibody SG-2397 are 
compared with those obtained with rabbit anti-γH2A (kind gift of W. Bonner; Cobb et al. 2005). Enrichment is compared to 
BSA-coated beads. 
C: γH2A forms nuclear foci in S phase in the absence of exogenous DNA damage.  
WT yeast cells (GA-180) were exponentially grown and IF was performed for γH2A using antibody SG-2397 (1:50) and donkey 
anti-rabbit Cy5 (1:50) as well as anti-TAT1 (1:50) and donkey anti-mouse DTAF (1:50). DNA was stained with DAPI. In the 
lower right panel, h2aS129*-mutant cells (GA-3285) released into YPD for 40 min after α-factor arrest, were stained with anti-
γH2A (SG-2397) and DAPI. 
D: γH2A is specifically recognized in IF. 
WT (GA-180) and h2aS129*-mutant strains (GA-3285) were incubated for 60 min with 0.2M HU and IF was done as described for 
panel B. 
 

Those experiments were performed with a rabbit anti-γH2A antibody kindly provided 

by W. Bonner. To confirm that result, we performed ChIP with anti-γH2A SG-2397 

on cells released from α-factor arrest either into a normal S phase, or into medium 

containing 0.2 M HU. We determined the enrichment of γH2A at ARS607 and a 

fragment 4 kb away from ARS607, and with probes at 14 kb from ARS607 (FAB1) as 
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well as a probe at the late-firing origin ARS501 as controls. Using SG-2397, we see a 

very strong enrichment of γH2A at ARS607, with signals ~50-fold higher than the 

results obtained with the Bonner antibody (Cobb et al., 2005 and Figure 4.1b).  

However, levels of γH2A at the control regions FAB1 and ARS501 remained low, 

confirming a high specificity of SG-2397 at stalled replication forks surrounding 

ARS607. We next asked if this antibody reflected a specific response to stalling of 

replication forks by HU, rather than a general response to S phase. γH2A stayed at 

background levels around ARS607 after releasing cells into normal S phase without 

induced arrest or damage (Figure 4.1b, 30 min). These data are in perfect agreement 

with those in Cobb et al. (2005).  

Given that we detected γH2A by western blot even in the absence of exogenous DNA 

damage (Figure 4.1a), we wanted to ask if this was due to sporadic DNA damage in 

single cells or a general non-damage related background for all the cells in the cell 

culture. In this context, it is important to note that mammalian γH2AX forms distinct 

foci in cells after its phosphorylation (Rogakou et al., 1999). We therefore performed 

immunofluorescence (IF) staining in exponentially growing WT as well as h2aS129* 

mutant cells (Figure 4.1c). We observed γH2A foci formation in WT but not in 

mutant cells in the absence of exogenous DNA damage. IF confirmed the ChIP and 

western blot data: in a yeast culture synchronously released from G1-arrest into HU 

we detected bright γH2A foci in almost all cells (Figure 4.1d), while IF signals were 

absent in similarly treated h2aS129* cells (Figure 4.1d). These experiments confirmed 

earlier results on HU-treated cells, validated our new antibody, and indicated that 

unperturbed S-phase cells may contain phosphorylated H2A. 

 

4.4.2 Normally growing yeast cells have high levels of γH2A in S phase 

Using ChIP we found γH2A at stalled replication forks, and a previous study in 

mammalian cells had linked the formation of γH2AX foci to the occurrence of 

replication-dependent DNA DSBs (Furuta et al., 2003). We were therefore interested 

in whether the level of spontaneous γH2A signal observed varied during cell cycle 

progression. In particular, we wanted to see if it might be linked to replication. We 

determined the total amount of nuclear γH2A by quantifying the signal intensity of a 

single yeast cell in an exponentially growing WT cell culture. The yeast cells were 

assigned to the corresponding cell cycle phase by cell shape and by monitoring 
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spindle morphology using microtubule-IF (see representative examples for the 

different cell cycle stages in Figure 4.2a). We calculated the mean signal intensity of 

γH2A over a large number of cells. We found a significant (5-fold) increase in IF 

signal during S phase, with a peak in G2 and anaphase, as compared to G1 phase (see 

Figure 4.2a). 

These results indicate that H2A phosphorylation at serine 129 in exponentially 

growing yeast cells occurs mainly in S phase and persists until the end of anaphase. 

To confirm this result by other means, we monitored global γH2A levels during an 

unperturbed cell cycle using western blot (Figure 4.2b). Proper release from α-factor 

arrest and cell cycle progression was confirmed by determining budding index. We 

used mouse anti-γH2A (SG1-25J14) to determine γH2A levels for samples every 15 

minutes after release from synchronization in G1 into the cell cycle using α-factor. By 

quantifying the luminescence on the western blot, we determined that the γH2A signal 

in an unperturbed cell cycle is <10% of the level detected in MMS-treated cells. 

Again, we saw an increase in the signal during the progression of cells into S and G2 

phase (15, 30, and 45 min after α-factor release) as compared with equally loaded G1 

(0 min) and random culture samples (data not shown). We also observed a decrease in 

signal for late M/G1-phase cells (60 and 75 min) and an increase for the second cell 

cycle (90 and 105 min), despite a significant loss of cell synchronization. This result 

reinforces the result obtained by IF (Figure 4.2a) and we conclude that γH2A levels 

increase during an unperturbed S phase. 

It is known that there are different functional zones in the cell nucleus. Yeast does not 

have any chromosomal territories, and therefore the main differentiating factor is 

proximity to the nuclear periphery versus internal positioning of chromosomal DNA. 

For example, it is known that late firing origins and rDNA, as well as telomeres, are 

constrained at the nuclear periphery (Bystricky et al., 2005; Heun et al., 2001) and a 

common characteristic of these chromosome domains is replication in late S/G2 phase 

of the cell cycle, where we observe that the γH2A signal becomes maximal. To see if 

cellular γH2A signals in naturally growing yeast cells are associated or enriched in the 

internal versus peripheral zone of the yeast nucleus, we performed IF co-staining for 

γH2A and nuclear pores on exponentially growing WT cells (Figure 4.2c). We 

observed that γH2A often localized to the nuclear periphery and sometimes even co-

localized with nuclear pores (see, for example, the projection for the upper nucleus in 

Figure 4.2c). To determine the position of γH2A for the three-dimensional nucleus, 
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we used 3D surface reconstruction of the nuclear pore with spot rendering to visualize 

loci with an intensive γH2A signal. We found that in most cells many of the brightest 

γH2A foci were localized at the nuclear periphery. 

 
Figure 4.2: γH2A is present in foci in an unperturbed S phase and maps to the rDNA 
 
A: Total γH2A levels increase during S phase and peak in M phase.  
Exponentially growing diploid WT cells (GA-659) were stained by IF for γH2A (SG-2397) and TAT1. Cell cycle stages were 
scored by cell shape (phase microscopy) and spindle morphology. The graph shows the mean + SD of nuclear γH2A signal 
intensity for the following numbers of cells: G1, n=185; S, n=135; G2, n=83; anaphase, n=35; telophase, n=102. 
B: γH2A levels during a synchronized but unperturbed cell cycle.  
WT (GA-180) cells were released from α-factor into YPAD and protein samples were taken every 15 min. The γH2A signal on a 
western blot was normalized to histone levels and is presented with budding index vs. time. 100% = γH2A in MMS-treated cells 
run on the same western blot.  
C: γH2A foci occur near nuclear pores.  
IF was performed on exponentially growing WT cells (GA-180) using SG-2397 (anti-γH2A) and Mab414 (anti-pore). On the left 
is a projection of a stack of confocal images and on the right a 3D surface reconstruction. Bar = 2μm. 
D: γH2A foci co-localize partially with telomere-bound Sir4.  
Exponentially growing cells bearing Myc-tagged Sir4 (GA-1275) were released from α-factor arrest into YPD for 60 min. IF 
detected Sir4-Myc (Mab 9E10) and γH2A (SG-2397). Arrows indicate bright γH2A foci that are not telomeric. 
E. Bright S-phase γH2A foci are nucleolar.  
Exponentially growing cells (GA-1275) were fixed and stained for γH2A (SG-2397), NOP1 (Mab anti-NOP1), and DAPI (blue). 
Cell-cycle stage was determined by cell shape (phase microscopy). Bar = 2μm. 
F. ChIP mapped high levels of γH2A within the 35S rRNA gene.  
ChIP for γH2A was performed on WT cells (GA-180) after α-factor arrest and release into YPAD without HU for 30 min. The 
qPCR probes are indicated in the rDNA repeat. Values obtained were normalized to FAB1. 
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However, we also see clear examples of internal γH2A foci. To determine whether 

γH2A is found at clustered telomeres at the periphery, we co-stained with Sir4. Sir4 

staining is a marker of such telomeres, leading to a staining of the nucleus in a 

punctate pattern (Palladino et al., 1993a). As Figure 4.2d shows, we often saw partial 

co-localization between γH2A and Sir4 in late S/G2-phase WT cells. Hence, some of 

the γH2A signal seems to be at telomeres, though in many cases the brightest γH2A 

foci are distinct from Sir4 foci.  

 

4.4.3 Very bright γH2A foci occur in the nucleolus in S phase and emanate from 

γH2A at the 35S ORF in the rDNA 

While analyzing the results shown in Figure 4.2d, our attention was attracted by 

another observation. Figure 4.2d shows an example of a very bright spot of γH2A 

formed outside the nuclear DNA stained by DAPI. Interestingly, the only place in the 

nucleus where DAPI staining is absent is the nucleolus. To confirm that γH2A co-

localized with the nucleolus, we performed IF staining for Nop1, which is a global 

marker of the nucleolus and γH2A. We observed that, in a majority of S-phase cells 

(69%, n=95), there were at least one or more bright spots in or next to the nucleolus 

(see representative examples in Figure 4.2e). This is specific for S phase, since in 

93% (n=81) of G1-phase cells and 70% of telophase cells (n=54) there were no bright 

γH2A spots associated with the nucleolus. We suspected that this bright spot 

formation at the nucleolus in S-phase cells could be a main contributing factor for the 

globally enhanced γH2A signal intensity per nucleus that we observed (see Figure 

4.2a), since it is known that viable mutations of components of the cellular DNA 

replication machinery, e.g. the helicase Sgs1, often show phenotypes concerning the 

replication of the rDNA (Kaliraman et al., 2001; Versini et al., 2003).  

One reason for the rDNA-associated damage is that replication occurs at the same 

time as transcription. To avoid any collisions between forks and the transcription 

machinery, rDNA repeats contain replication fork barriers (Lambert et al., 2007). We 

therefore addressed the question of whether we could monitor the position of γH2A 

along the rDNA in S-phase cells using ChIP and qPCR throughout the rDNA repeat 

(see Figure 4.2f). As expected, we saw no high levels at the RFB or other loci in G1 

phase, but some enrichment of γH2A could be seen close to the ARS and in the 35S 
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ORF. Surprisingly, in S phase there was no enrichment at the RFB, but a high 

enrichment for a region in the 35S ORF. We conclude that the bright γH2A foci we 

observed at the nucleolus of S-phase cells are not due to γH2A phosphorylation 

generated by replication problems at the RFB, but are due to γH2A phosphorylation in 

the 35S ORF.  

 

4.4.4 γH2A is an integral component of sub-telomeric chromatin throughout the 

cell cycle 

Other domains that induce replicational stress at high levels are telomeres. Telomeric 

sequences pose two specific problems for replication: The terminal repeats of the 

lagging strand must be extended by telomerase; and the heterochromatic and non-

nucleosomal telosome poses a barrier to the replication fork. We therefore did ChIP 

with the rabbit anti-γH2A (SG-2397) after synchronization with α-factor, and probed 

with qPCR for γH2A enrichment at regions 0.5 and 1.8 kb from Tel6R, as well as 

control regions 7.5 and 90 kb (FAB1) away from the telomeric repeat (Figure 4.3a). 

Throughout the cell cycle, we observed very high levels of γH2A at the telomeric 

regions, as compared with FAB1, for timepoints ranging from 0 to 120 min after α-

factor release. Levels of γH2A at the telomeres seemed to reach a maximum in late S 

phase. Interestingly, levels of γH2A were already low 7.5 kb from the TG repeat, 

showing that the signal does not spread as far as it was shown to for DSBs. In 

contrast, it localizes to the region with specific telomeric chromatin structure covered 

with the SIR complex (Hecht et al., 1996). Interestingly, we also observed a 

significant drop in the levels of sub-telomeric γH2A in a sir3 mutant strain 

(Supplemental Figure 4.5).  

To rule out non-specific binding of the antibody, we performed ChIP for 

exponentially growing h2aS129* mutant cell samples. Figure 4.3b shows that only in 

WT cells did we see γH2A enrichment at telomeres, while in the h2aS129* mutant 

strain there was no such enrichment. Our absolute enrichment values range up to 

3,000-fold, and we therefore noticed a relatively high variation in these absolute 

values due to fluctuating background signal. This variation became relatively small by 

normalizing the fold enrichment obtained for telomeric probes to the enrichment 

obtained for the internal locus FAB1, where we only detected background levels for 

γH2A during normal cell cycle progression (see Figure 4.3a and Cobb et al., 2005). 
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We compared the level of this late S-phase telomeric γH2A, which is HU-

independent, to that recovered at an HU-arrested replication fork. These two signals, 

monitored in the same experiment, were of nearly the same magnitude (Supplemental 

Figure 4.1). 

 
Figure 4.3: γH2A occurs at telomeres and is primarily Tel1-dependent 
 
A: H2A is phosphorylated at Tel6R.  
γH2A-ChIP was performed on WT cells (GA-2448) after α-factor arrest and release into YPAD. Samples were taken every 20 
min, and progression through the cell cycle was monitored by the budding index. qPCR used probes at 0.5, 1.8 and 7.5 kb from 
the Tel6R TG-repeat and an internal control locus FAB1. 
B: γH2A is specifically recognized in ChIP experiments.  
γH2A-ChIP was performed on exponentially growing WT (GA-180) and h2aS129* (GA-3285) cells as in A for Tel6R.  
C: H2A is phosphorylated at Tel7L.  
γH2A-ChIP was performed on exponentially growing WT (GA-2263; S288C background) cells, and qPCR probes are indicated 
for Tel7L. This experiment rules out the possibility that the telomere-associated signals are background- or strain-specific. The 
mean of two experiments was normalized to FAB1. 
D: Telomeric γH2A depends mainly on Tel1 kinase.  
γH2A-ChIP was performed on exponentially growing WT (GA-2448), tel1Δ (GA-2507), and mec1Δ sml1Δ (GA-1702) strains as 
in A. Strains lacking mec1 carry an sml1 deletion, which suppresses lethality but does not affect γH2A levels on its own (cf. WT 
in D vs E).  
E: γH2A is completely abolished in mec1 tel1 double mutant strains.  
ChIP was performed on early passage WT (sml1Δ, GA-2312) and mec1Δ tel1Δ sml1Δ (GA-2978) strains. Tel6R probes were as 
in A, and data was normalized to FAB1. 
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Since the presence of γH2A at Tel6R and the co-staining with Sir4 (Figure 4.2d) 

indicated that γH2A is a general mark of budding yeast telomeres during exponential 

growth, we also monitored γH2A levels at another telomere, Tel7L. We performed 

this in yeast from the S288C background to ensure primer sequence functionality. 

Figure 4.3c shows that we obtained a high relative enrichment for γH2A near Tel7L, 

confirming the generality of γH2A proximity to telomeres.  

 

4.4.5 Phosphorylation of histone H2A at telomeres is mainly mediated by Tel1 

Serine 129 in histone H2A is followed by glutamine (Q) and is thus a target of PI3-

like kinases. At DSBs, this phosphorylation is mediated by Mec1 and Tel1, whereas at 

stalled replication forks it depends strongly on Mec1. To determine which kinase 

mediates γH2A at telomeres, we performed ChIP for γH2A in exponentially growing 

mec1 and tel1 mutant strains. We observed that γH2A levels relative to FAB1 at 

Tel6R were considerably lower in the tel1 mutant strain, whereas they were only 

slightly lower than WT in the mec1 mutant strain (Figure 4.3d). Therefore, H2A 

phosphorylation at telomeres seems to be mainly mediated by Tel1, but γH2A levels 

at telomeres are still high in a tel1 mutant. Even if a mec1 mutant has only slightly 

diminished levels of γH2A at the telomeres, it was a substitute for the function of Tel1 

in a tel1 mutant. We therefore assayed γH2A levels in WT and mec1 tel1 double-

mutant strains (Figure 4.3e). We observed that H2A phosphorylation at telomeres was 

abolished completely in the h2aS129* mutant strain (see Figure 4.3b and data not 

shown). From these results we conclude that H2A phosphorylation at telomeres is 

mainly mediated by Tel1, with a smaller contribution from the Mec1 kinase. The 

Mec1 contribution may increase in the absence of Tel1, consistent with genetic data, 

implicating Mec1 in telomere maintenance in a tel1 mutant (Ritchie et al., 1999). 

4.4.6 Elongation of telomeres induces higher γH2A levels 

Both Tel1 and Mec1 are required to maintain telomere homeostasis. We note that 

mec1 tel1 double mutants undergo senescence through continuous telomere 

shortening (Ritchie et al., 1999). However, the corresponding single mutants of either 

kinase have shorter but stable telomeres, indicating that both can regulate telomere 

elongation (Viscardi et al., 2005). Because we saw a negative effect on telomeric 

γH2A levels in both single mutants, we decided to ask whether the elongation of a 
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specific telomere would correlate with higher levels of γH2A. Longer telomeres have 

a lower probability of elongation than short telomeres (Teixeira et al., 2004). To 

compare γH2A levels specifically at elongating short telomeres with γH2A levels at 

telomeres of normal length, we made use of a system developed and kindly provided 

by the Gilson laboratory (Marcand et al., 1999). This system makes use of the 

counting mechanism at telomeres which is mediated by sub-telomeric TG1-3 repeats as 

Rap1 binding sites (Figure 4.4a).  

 

 
Figure 4.4: γH2A is preferentially found at elongating short telomeres 
 
A: A system for rapid generation of a single short telomere was described by Marcand et al. (1999).  
FRT sites are integrated at Tel7L to allow controlled excision by Flp1 recombinase of a sub-telomeric fragment containing 0 to 3 
copies of a 270bp TG repeat. The presence of a sub-telomeric TG repeat leads to shorter terminal tracts. qPCR probes are within 
ADH4 and FAB1 (see Figure 4.3) After Flp1-induced excision the ADH4 probe is 0.5kb from the terminal repeat. 
B: γH2A-ChIP was performed in the indicated strains bearing GAL10::FLP and either no FRT sites (lev178) or FRT 
motifs flanking 0 (lev187), 1 (lev189), 2 (lev220), or 3 (lev222) copies of a 270bp TG tract.  
Terminal TG lengths are indicated below the graph. Samples were taken for γH2A-ChIP after GAL10::FLP1 after 3h in 2% 
galactose. qPCR data for ADH4 or at the internal FAB1 site are normalized to γH2A levels at Tel6R-0.5kb (see Figure 4.2). 
C: γH2A levels increase at elongating telomeres.  
γH2A-ChIP, as described for panel B, is shown for strains having WT terminal TG length (lev187, 265bp) or short terminal tracts 
(lev189, 140bp). GAL10::FLP1 cells were grown for 3h on galactose and then placed in YPAD and samples were taken after 0, 
3, 7.5, and 20 hours of exponential growth. qPCR is as in B. 
 

A variable number of TG1-3 repeats, all 270 bp long, is integrated as a construct 

flanked by FRT sites between the ADH4 locus and the natural TG1-3 repeat of 

telomere 7L. Internal TG1-3 repeats in yeast strains with integration (lev189, lev220, 

and lev222) lead to the shortening of distal TG1-3 in comparison to yeast strains that 



Chapter 4  γH2A at replicating rDNA and at telomeres 
 

 - 135 -

have no insertion (lev178 and lev187). After induction of Flp1-mediated 

recombination, Tel7L is sensed as critically short due to loss of internal TG1-3 repeats 

and it is then elongated proficiently during the next cell cycles to achieve WT length 

and telomere length equilibrium. We used these strains to monitor γH2A levels at 

telomeres of different TG1-3-repeat length (Figure 4.4b). We performed ChIP with the 

γH2A antibody SG-2397 and qPCR for a probe located at the adh4 locus, which after 

recombination is located 0.5 kb from the TG1-3 repeat and equidistant to the 0.5 kb 

probe at telomere 6R. As expected for lev189 with WT TG1-3-repeat length, the 

relative enrichment of γH2A is around one-fold, whereas it stays significantly lower 

for lev178, due to a lack of recombination and hence a longer distance to the adh4 

probe. All three strains with shorter TG1-3 repeats (lev189 with 140 bp, lev220 and 

lev222 with 90 bp) are therefore prone to elongation back to WT length of around 265 

bp (as in lev187), and they show higher levels of γH2A relative to Tel6R and 

therefore a relative enrichment of more than 1. Both Tel1 and Mec1 are required for 

the recruitment of telomerase, and we thus next tested whether enhanced γH2A levels 

are linked to telomere elongation during out-growth after sudden shortening of the TG 

repeat (Figure 4.4c). We compared the enrichment for γH2A at the adh4 locus relative 

to Tel6R in lev187 (with telomeres of WT length) and in lev189, with a strain whose 

telomere shortens and then gets elongated during the next generations (Marcand et al., 

1999). After exponential growth for 1.85 generations (3 h), 5.25 generations (7.5 h), 

and 13 generations (20 h), we observed that the relative enrichment for lev187 at adh4 

stays at around one-fold for all the timepoints taken. This is expected for a telomere in 

equilibrium if elongation would positively influence γH2A levels. In contrast, we 

observed a fold enrichment higher than 1 for lev189 after 3 and 7.5 h. γH2A levels are 

therefore doubled at a short Tel7L relative to Tel6R during its elongation, which is 

very proficient in early generations and decreases over time (Marcand et al., 1999), as 

we could see for the 20 h timepoint. Although our results did not exclude a residual 

γH2A pool at all telomeres independently of their TG1-3-repeat length, our results 

demonstrated a positive correlation between γH2A levels and telomere elongation of 

critically shortened telomeres. This may implicate γH2A in the cellular response to 

telomeric uncapping. 

Telomeric uncapping can also be induced by shifting up a cdc13-1 mutant strain to 

restrictive temperature. We therefore monitored cellular γH2A levels in WT, h2aS129*, 

and cdc13-1 mutant strains after shifting to restrictive temperature by IF using mouse 
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monoclonal anti-γH2A (Supplemental Figure 4.2). However, under these conditions 

phosphorylation of histone H2A filled the nuclear space and we detected no selective 

telomere labeling. Nonetheless, in the cdc13-1 h2aS129* double mutant the checkpoint 

response, as monitored by Rad53 activation, was normal even at restrictive 

temperature. This shows that γH2A is not essential for establishing a checkpoint 

response at uncapped telomeres, but its hyperphosphorylation did coincide with 

telomere uncapping. 

 

4.4.7 γH2A is not essential for establishing telomeric silencing, but affects 

nuclear anchoring of telomeres in S phase 

Is γH2A essential for telomerase activity? If γH2A were essential for telomerase 

action, its elimination would induce a senescence phenotype, as is observed in est1, 

tlc1, or est2 deletion strains. We checked whether this was the case by repeatedly re-

streaking the h2aS129* mutant, yet no senescence phenotype was scored (cf. tlc1 in 

Supplemental Figure 4.3a). Moreover, the h2aS129* mutation did not suppress 

senescence when coupled with an est1 deletion (data not shown). 

We reasoned that the telomerase recruiting function of γH2A may be masked by other 

telomerase regulation pathways, as is the case in the tel1Δ strain, where telomere 

length is maintained at a shorter, but stable length (Greenwell et al., 1995; Ritchie et 

al., 1999). However, this was not the case in cells lacking γH2A: We performed a 

Southern blot comparing XhoI-digested genomic DNA from isogenic WT, h2aS129*, 

yku70, and rif1 mutants probed with the telomeric repeat. In the yku70 mutant, TG1-3 

repeats shortened, and in the rif1 strain they lengthened, yet telomere length in the 

h2aS129* mutant remained comparable to the WT control (Supplemental Figure 4.3b). 

There were indications that two of the four h2aS129* colonies tested had slightly longer 

telomeres and/or of variations in Y’-containing telomere ends (see arrows). This may 

indicate increased or promiscuous recombination events (Supplemental Figure 4.3b). 

However, in an assay for recombination-dependent survivors of telomerase 

inactivation, survivors arose in the h2aS129* est1 double mutant with almost the same 

efficiency as in an est1 single mutant (Supplemental Figure 4.3c).  

Telomeres are anchored to the periphery, and Tel6R, for which we observed high 

levels of γH2A throughout the cell cycle, is anchored by parallel pathways involving 

Ku and Sir proteins in interphase (Hediger et al., 2002). The Sir proteins might be 



Chapter 4  γH2A at replicating rDNA and at telomeres 
 

 - 137 -

affecting telomeric chromatin structure, and this might also be true for histone 

modifications. To understand whether γH2A is important for anchoring Tel6R, we 

introduced lac operator sites at telomere 6R in the h2aS129* mutant strain as has been 

previously reported (Hediger et al., 2002), and compared Tel6R by live fluorescence 

imaging of GFP-lac repressor fusion proteins, forming a spot (Figure 4.5a). 

  
Figure 4.5: Loss of γH2A influences telomeric anchoring at the nuclear periphery 
 
A: Tel6R was tagged with a lacO array in WT (GA-1561), h2aS129* (GA-4112), h2aS129* ku70 (GA-4159), and h2aS129* sir4 
(GA-4169) strains.  
Expression of lacI-GFP and the pore protein Nup49-GFP, coupled with live 3D microscopy, allowed scoring of the Tel6R 
position relative to three zones of equal surface (Hediger et al., 2002). Zone1 spans the nuclear envelope.  
B and C: Anchoring of Tel6R at the nuclear periphery is compromised by the h2aS129* mutation in S-phase.  
The P values for zone 1 enrichment in G1 cells are: GA-1561, P=9.14×10-10 (n=147); GA-4112, P=2.4×10-7 (n=114); GA-4159, 
P=0.76 (n=89); and GA-4169, P=9.25×10-4 (n=105). For S-phase cells: GA-1561, P=2.67×10-6 (n=108); GA-4112, P=0.28 
(n=71); GA-4159, P=0.40 (n=85); and GA-4169, P=0.028 (n=127). Data for ku70 and sir4 mutant strains are derived from 
Hediger et al. (Hediger et al., 2002). 
D: Anchoring of Tel6R in S phase cells depends on γH2A.  
Anchoring of Tel6R at the nuclear periphery is mediated in G1-phase cells via the Ku70/Ku80 heterodimer. In S-phase cells, 
anchoring depends on Ku70/80 and also Sir4, and as novel finding of this study also on γH2A. 
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Telomere to pore distance was determined in the focal plane, and the spot was 

classified as being in one of three zones of equal surface area, with zone 1 being the 

most peripheral zone. In WT strains, Tel6R was significantly anchored in G1- and S-

phase cells (Figure 4.5b and Hediger et al., 2002). Although the anchoring of Tel6R 

was unaltered in the h2aS129* mutant strain in G1 phase, it assumed a near-random 

distribution in S-phase cells (Figure 4.5b).  

It has been previously shown that yku70 mutation compromises anchoring in both G1 

and S phases, while sir4 mutants only reduce Tel6R anchoring in S phase (Hediger et 

al., 2002; Taddei et al., 2004a). Since this is similar to the h2aS129* phenotype, we 

scored the epistasis of h2aS129* with either yku70 or sir4 deletions in G1- and S-phase 

cells. As expected, loss of γH2A did not bypass or aggravate the loss of attachment 

detected in the yku70-deficient strain in either G1- or S-phase cells (Figure 4.5c and 

data not shown). More importantly, however, we saw no additive effects with the sir4 

mutation, which indicates that γH2A either acts downstream of, or alongside, the 

Sir4-Esc1 pathway (Figure 4.5c). We conclude that the anchoring of Tel6R in S phase 

via telomeric chromatin requires both γH2A and Sir4 (Figure 4.5d). 

We tested whether γH2A was necessary for the association of Sir4 with telomeres, 

and the ensuing telomere position effect (TPE), which confers repression on sub-

telomeric genes. We investigated a potential function of γH2A in telomeric silencing 

by monitoring the survival of WT, yku70, and h2aS129* mutant strains, where each of 

the strains had a URA3 gene integrated in the sub-telomeric, and hence normally 

silenced, region of Tel7L by drop assay on medium containing 5-FOA (Supplemental 

Figure 4.4a). As expected, we saw that the WT strain survived on medium containing 

5-FOA due to telomeric silencing of the URA3 gene, whereas the yku70-mutant strain 

showed, as expected, a low survival rate due to loss of telomeric silencing. The 

h2aS129*-mutant strain grew like WT, indicating functional telomeric silencing. The 

URA-FOA assay selected for silent states and thus was not sensitive to minor 

reductions in repression. To further confirm that telomeric chromatin was silenced in 

an h2aS129* mutant, we monitored silencing of an ADE2 gene integrated at truncated 

Tel6R by monitoring colony sectoring. ADE2 repression at Tel6R led to red-colored 

colonies (Supplemental Figure 4.4b). Again, in WT and the h2aS129* mutant we saw 

red-colored yeast cells, indicating proficient telomeric silencing, although we noted a 

higher fraction of white sectors in the mutant, indicating that Tel6R repression was 

slightly reduced when compared with the WT. Similar results were obtained for an 
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ADE2 construct at Tel5R (data not shown). This argues that loss of γH2A slightly 

weakens TPE, although SIR complexes are still able to bind. This slight defect in 

silencing is reminiscent of the situation observed in other mutants that compromise 

anchorage through the SIR pathway, notably in esc1-deletion strains (Taddei et al., 

2004a).  
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4.5 Discussion 
 

In this study we have shown that substantial levels of γH2A occur in normally 

growing yeast cells. Levels increase significantly during S phase and stay high until 

the end of mitosis. We further observed foci formation during these phases of the cell 

cycle. We provide evidence that a major genomic locus which contains S-phase 

specific γH2A is the rDNA. We propose that nucleolar γH2A foci stem from 

endogenous replication problems that occur spontaneously during cell growth. 

We further showed that γH2A is an integral component of sub-telomeric chromatin 

throughout the cell cycle. We monitored the dependence of the levels of γH2A on 

Mec1 and Tel1. Tel1 had a dominant contribution, which indicates a link to telomere 

length control. Indeed, monitoring γH2A levels during the elongation of critically 

shortened telomeres, we saw that elongation of telomeres and γH2A levels correlate. 

It is therefore possible that γH2A is a marker of critically short and elongating 

telomeres, and may play a role in telomerase recruitment. 

Finally, we observed that γH2A influences telomeric anchoring. This is a novel 

function for H2A phosphorylation. We will now address how this novel function 

might be connected to the known role of γH2A in DNA damage repair. 

 

4.5.1 Is γH2A during normal cell cycle progression a marker of endogenous 

replication stress? 

In a previous report, we observed high levels of γH2A at HU-stalled replication forks 

(Cobb et al., 2005) and Figure 4.1c). This phosphorylation of H2A depends on Mec1 

which, like its human counterpart ATR, has a predominant role in the replication 

checkpoint pathway (Zou, 2007) and plays a further direct role in stabilizing stalled 

replication forks (Cobb et al., 2003; Cobb et al., 2005). In the current study, we 

observed high levels of γH2A in exponentially growing yeast cells, where levels 

increased dramatically during S phase and stayed high until the end of telophase (see 

Figure 4.2a/b). Interestingly, this phenomenon seems to be conserved in evolution, 

since DNA damage-independent mitotic phosphorylation of H2AX also occurs in 

normally growing mammalian cells (McManus and Hendzel, 2005). This pool of 

γH2AX shows the same increase during the cell cycle over S phase with a maximum 

in mitosis.  
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We observed very bright γH2A foci in S-phase cells which were associated with the 

nucleolus (see Figure 4.2e/f). Ribosomal DNA has a characteristic replication fork 

barrier (RFB) in order to avoid head-on collisions between replication and 

transcription polymerases. The RFB is known to be a recombination hotspot (Lambert 

et al., 2007). Thus, one possibility is that γH2A foci in the nucleolus stem from 

endogenous replication problems. Using ChIP we found that γH2A levels were low at 

the nucleosome-free RFB (Fritze et al., 1997), yet a significant S-phase specific 

enrichment was found within the 35S rRNA gene. This is consistent with bright 

nucleolar γH2A foci arising from S-phase specific collisions between replication and 

transcription events (Takeuchi et al., 2003). γH2A may also reflect a PI3-like kinase 

response to damage in the rDNA which was recently shown to down-regulate RNA 

Pol I in mammalian cells (Kruhlak et al. 2007). Given that the phosphorylation occurs 

in the 35S gene, the signal is unlikely to stem from a head-on collision between a 

replication fork and the transcription machinery. It may instead stem from replication 

forks that encounter the transcription machinery in a unidirectional manner. 

Transcripts of the 35S ORF have consistently been detected, using electron 

microscopy, ahead of the replication fork (Saffer and Miller, 1986).  

Replication problems can also arise from the replication fork hitting transient 

topoisomerase I cleavage complexes (see Introduction) and thereby inducing a CPT-

like response. Because the h2aS129* mutant strains are very sensitive to CPT, γH2A 

may also be required to maintain genomic stability of the rDNA locus in the context 

of endogenous replicative damage like CPT-induced damage. The endogenous 

damage created in the rDNA locus is checkpoint-blind (Torres-Rosell et al., 2005). In 

this context it is important to recall that γH2A is important for cohesin loading at 

DSBs (see Introduction), and that cohesion inhibits asymmetrical recombination in 

the rDNA repeats while favoring homologous recombination (HR) (Huang et al., 

2006). This efficient HR may be the reason why the rDNA damage is checkpoint-

blind. 

Various lines of evidence have indicated a role for γH2A in checkpoint-blind DNA 

damage. A genetic analysis has indicated that histone H2A serine 129 

phosphorylation acts in the same pathway as Tof1 and Csm3 for the repair of CPT-

induced DNA damage (Redon et al., 2006). Tof1 interacts with the replisome and is 
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important for maintaining replication fork stability after hydroxyurea treatment 

(Katou et al., 2003) as well as for pausing replication forks at the replication fork 

barrier in the rDNA (Calzada et al., 2005; Tourriere et al., 2005). Both Tof1 and 

Csm3 have been shown to be important for sister chromatid cohesion and for repair 

from sister chromatids (Mayer et al., 2004; Xu et al., 2004). We have previously 

shown that γH2A is also associated with stalled replication forks (Cobb et al. 2005), 

and since it is required at DSBs for the recruitment of cohesin (see above) it is 

tempting to speculate that γH2A, together with Tof1 and Csm3, may be important for 

maintaining replication fork integrity after replication fork stalling, by enabling 

appropriate recombination from the replicated sister chromatid. Cohesin loading at 

DSBs was also shown to depend upon a related pair of coiled-coil proteins, Smc5 and 

Smc6 (Potts et al., 2006). Smc5/6 complexes can be found close to rDNA repeats and 

at telomeres of normally growing yeast cells, as well as at DSBs and collapsed 

replication forks (Lindroos et al., 2006; Torres-Rosell et al., 2005). Furthermore, 

replication is delayed in smc5 and smc6 mutants, particularly at the rDNA locus 

(Torres-Rosell et al., 2007). In S. pombe, Smc5/6 is similarly required for the repair of 

collapsed replication forks and has functions that are both dependent on and 

independent of replication. Smc6 is not required for the recruitment of recombination 

proteins, but for effective resolution of intermediates in the homologous 

recombination process. When Smc6 function is compromised, the resulting 

recombination-dependent DNA-intermediates accumulate after a release from 

replication arrest and are not recognized by the G2/M checkpoint (Ampatzidou et al., 

2006). This repair pathway might be particularly important in the rDNA because of its 

repeat structure, since excision of rDNA circles causes aging in yeast (Sinclair and 

Guarente, 1997). Interestingly, for fission yeast it has been shown that the intra-S-

phase checkpoint separates replication and recombination temporally. Perturbing this 

system can cause a dramatic collapse of the replication fork (Meister et al., 2005). 

Therefore, the interplay between checkpoint function and recombination must be 

tightly regulated. It is an intriguing possibility that γH2A is important for regulating 

replication fork stability in the rDNA by recruiting Smc5 and Smc6 as well as cohesin 

to checkpoint-blind replication fork structures. 
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4.5.2 Is γH2A a marker of telomere elongation? 

In the current study we detected substantial levels of γH2A at yeast telomeres during 

an unperturbed cell cycle (see Figure 4.3), a finding that has not previously been 

reported. Mammalian γH2AX had been previously associated with senescent 

telomeres, which activate a checkpoint response, but not with telomeres of normal 

length. Telomeric shortening in mammals provokes a DNA damage response, which 

entails the recruitment and activation of checkpoint proteins as well as formation of 

γH2AX foci as markers of senescent telomeres (d'Adda di Fagagna et al., 2003; Hao 

et al., 2004). There are numerous reasons why γH2AX has not been observed at 

mammalian telomeres unless they are senescent. First, unlike yeast telomeres, human 

telomeres form a particular higher order chromatin structure, the T-loop, which 

protects the 3’ overhang (de Lange, 2002). Moreover, the DNA damage response 

appears to be repressed by POT1, which targets the ATR pathway, and by TRF2, 

which inhibits ATM (Denchi and de Lange, 2007). Nonetheless, components of the 

DNA damage response, as well as recombination, are required to form a functional 

post-replicative T-looped telomere in mammalian cells (Verdun and Karlseder, 2006). 

To our knowledge, this T-loop structure does not occur in yeast. Normal yeast 

telomeres may resemble DSBs more closely than mammalian telomeres. It is thought 

that short yeast telomeres are recognized as DSBs during their replication (Viscardi et 

al., 2007), even though induction of a single short telomere does not elicit a 

checkpoint response (Sabourin et al., 2007). 

Recently, weak γH2AX signals were reported in proliferating human cells, but not in 

hTERT-immortalized cells, indicating that the authors were detecting a senescent cell 

fraction of a proliferating cell culture (Meier et al., 2007). Consistent with this, these 

authors observed the highest γH2AX levels at the shortest telomeres of senescent 

cells. Short telomeres also induce a DNA damage response in budding yeast (IJpma 

and Greider, 2003), and thus “being short” does influence γH2A levels at telomeres, 

even in yeast. 

DNA replication at yeast telomeres occurs in mid/late S phase of the cell cycle 

(Raghuraman et al., 2001) and, although replication is initiated at chromosomal 

origins, it is completed by the elongation of the distal TG1-3 repeat by telomerase. This 

elongation occurs in late S and G2 phases of the cell cycle (Diede and Gottschling, 

1999; Marcand et al., 2000). Tel1 and Mec1 are recruited to the telomeres at specific 
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times in the cell cycle and, furthermore, Tel1 and Mec1 function in a mutually 

exclusive manner. Tel1 is particularly important for the recruitment of telomerase 

(Goudsouzian et al., 2006; Takata et al., 2004; Tseng et al., 2006). Furthermore, it has 

been shown that telomerase, as well as Tel1, preferentially associate with short 

telomeres (Sabourin et al., 2007). 

We examined γH2A levels in tel1- and mec1-mutant strains, and found a significant 

reduction in the tel1-mutant strain. Since Tel1, and not Mec1, is the major kinase 

involved in telomere elongation in a normal situation, these results indicate that γH2A 

might be linked to, or at least coincide with, telomere elongation by telomerase. 

Along this line, we note that in budding yeast the recruitment of the MRX complex 

occurs in late S phase (Takata et al., 2005), particularly where there are short 

telomeres (Viscardi et al., 2007). Since both γH2A and MRX are also part of the DNA 

damage response at DSBs, this could also be a common phenomenon for telomeres. 

 

It remains unclear whether all telomeres in a given yeast cell bear H2A 

phosphorylation, or if only a fraction of telomeres gets highly phosphorylated.  

If telomerase action is linked to γH2A phosphorylation in S phase, then only a 

fraction of telomeres would be modified, since telomerase is regulated by a switch 

between extendible and non-extendible telomerase states, and telomerase has an 

increased preference for shorter telomeres (Teixeira et al., 2004). One indication that 

this would indeed be the case is that we did not observe complete co-localization 

between Sir proteins which bind all telomeres and γH2A (see Figure 4.2d). Moreover, 

telomere uncapping in a cdc13-1 temperature-sensitive allele dramatically increased 

nuclear γH2A levels (see Supplemental Figure 4.2), indicating that H2A 

phosphorylation caused by normal cell cycle progression and uncapping/senescence 

are additive events. 

We decided to address this question by looking at γH2A levels during elongation of a 

critically short telomere using a system developed by the Gilson laboratory (see 

Figure 4.4c). We observed that γH2A levels at a rapidly shortened telomere, which 

has a higher chance of getting elongated, are nearly double those found on a telomere 

of normal TG1-3 repeat length. This result clearly demonstrates that telomere 

elongation is a positive regulator of γH2A levels at yeast telomeres. It would be 

interesting to examine whether or not this feature is conserved throughout evolution.  
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As Figure 4.3e shows, only in mec1 tel1 double mutants is telomeric γH2A lost, while 

in the tel1 mutant they are reduced by half. Having determined that telomere 

elongation positively affects γH2A levels, and having attributed this to the function of 

Tel1 kinase, why then should Mec1 contribute to γH2A phosphorylation?  

We concluded previously that, for the γH2A foci in the rDNA locus, γH2A becomes 

phosphorylated in response to endogenous DNA damage. We observed that γH2A can 

be associated with chromosomal loci, which are known to be covered by silent 

chromatin, containing the SIR complex (Pryde and Louis, 1999). And indeed we 

monitored the dependence of γH2A on SIR-loading (see Supplemental Figure 4.5). 

Telomeric heterochromatin boundaries require NuA4-dependent acetylation of the 

histone H2A isoform Htz1 to restrict silent chromatin at those boundaries (Babiarz et 

al., 2006). From these data we deduce a possible anti-correlation between γH2A and 

Htz1 at telomeric/sub-telomeric chromatin. γH2A and Htz1 have already been 

previously linked in a model, indicating exchange of both isoforms during repair of 

DSBs by the chromatin remodeling factor SWR1 (van Attikum and Gasser, 2005).  

Besides the occurrence of γH2A at telomeres throughout the cell cycle, we observed a 

general increase in γH2A levels during S phase (Figure 4.2a). Consistent with our 

previous finding that the amount of γH2A in the whole nucleus, as well as in the 

rDNA, increases during S phase, we suspect that telomeric γH2A may also arise from 

endogenous DNA damage created during replication. Telomeres are known to be 

hyper-recombinogenic. It is possible that telomeres, like the rDNA, provide obstacles 

to the replication fork due to the presence of SIR proteins and the non-nucleosomal 

telosome structure (Ivessa et al., 2003; Ivessa et al., 2002). Indeed, we also observed 

high γH2A levels in HML and HMR (data not shown). Co-incidence with Smc5 and 

Smc6 (see previous part of Discussion) indicates that, at least in part, similar repair 

processes might occur at those heterochromatic loci and correlate with histone H2A 

phosphorylation. 

 

4.5.3 What is the function of γH2A at telomeres? 

Smith and coworkers proposed a model for telomerase regulation that entails a shift in  

structure through the cell cycle (Smith et al., 2003). According to this model, 

telomeric chromatin consists of distinct protein complexes at different stages of the 

cell cycle, including a cycle of association of Rap1 versus Rif1 or Rif2, which in turn 
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determine accessibility of the chromosome end for telomerase (Smith et al., 2003). 

Since our observations link γH2A to telomeric elongation, γH2A might also influence 

this aspect of telomeric chromatin.  

It was previously proposed by Downs and coworkers that γH2A affects nucleosomal 

structure (Downs et al., 2000), but recent work in budding yeast and mammalian cells 

argues against a direct impact of γH2A/γH2AX on chromatin structure (Fink et al., 

2007; Kruhlak et al., 2006). γH2A might instead serve as a histone mark for the 

recruitment repair factors, rather than directly influencing chromatin structure. An 

intriguing possibility is that γH2A at stalled or collapsed replication forks in the 

rDNA, as well as at telomeres, is also important for recruiting the INO80 complex in 

the same way as it is at DSBs (Downs et al., 2004; Morrison et al., 2004);(van 

Attikum et al., 2004). INO80 complex mutants are very sensitive to HU (van Attikum 

et al., 2004), and the Arp8 component of the INO80 complex shows synthetic genetic 

defects with DNA replication checkpoint genes (Pan et al., 2006). 

A correlation exists between the delocalization of telomeres from the nuclear 

periphery and a reduction in their length in tel1-mutant strains (Hediger et al., 2006). 

Furthermore, Berthiau and coworkers (Berthiau et al., 2006) showed that the absence 

of Tel1 induces a change in the structure of sub-telomeric chromatin. We have not 

observed any difference in telomere length between h2aS129*-mutant and WT strains 

(see Supplemental Figure 4.3b). However, the fact that we observed an S-phase 

specific anchoring defect in the h2aS129* mutant (Figure 4.5) indicates that anchoring 

is more easily affected by this histone modification than telomere length regulation. 

The molecular details on how telomeric γH2A affects anchoring in S phase are 

unknown, but it does act epistatically to SIR proteins. The partial dependence of 

γH2A levels upon the SIR complex, and equidistant spreading, might argue for this 

possibility, although we cannot exclude the fact that γH2A mediates telomeric 

anchoring in a third independent pathway (Figure 4.5d). Even in mammals, γH2AX 

influences the nuclear positioning of telomeres, yet in a different manner. Murine 

H2AX regulates meiotic telomere clustering during prophase I (Fernandez-Capetillo 

et al., 2003). 

We and others have shown (T. Kitada and M. Grunstein, personal communication) 

that γH2A correlates with SIR spreading at telomeres. Therefore it was an obvious 

question to address: is telomeric silencing affected in an h2aS129*-mutant strain (see 

Supplemental Figure 4.4)? We found only a slight reduction in silencing in the strain 
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with a nonphosphorylatable H2A. This result is in agreement with data from Wyatt 

and coworkers (Wyatt et al., 2003), indicating that phosphorylation of histone H2A 

serine 129 plays a small role in telomeric silencing. This small effect, however, is 

amplified when it is combined with phosphorylation of histone H2A threonine 126. 

In this context we note that not only is serine 129 of H2A phosphorylated in response 

to DNA damage, but also serine 122 and threonine 126. These sites, in the C-terminal 

part of H2A, show a complex pattern of phosphorylation in response to different kinds 

of DNA damage (Harvey et al., 2005; Moore et al., 2006; Wyatt et al., 2003). 

Therefore, the function of γH2A may be masked because it is embedded in a complex 

pattern of histone modifications. These authors also postulate a dual role of H2A in 

DNA damage and telomere position effect. In the next part, we will discuss what 

other possible roles γH2A has, besides DSB repair. 

 

4.5.4 A function of γH2A beyond telomeres and DSBs? 

It was generally believed that the occurrence of mammalian γH2AX foci is strictly 

linked to the occurrence of DSBs (Takahashi and Ohnishi, 2005), even in the case of 

replication arrest. In a previous report, we provided evidence that γH2A also occurs at 

replication forks stalled by HU in a Mec1-dependent manner (Cobb et al., 2005). Here 

we were able to show that high levels of γH2A occur in the rDNA repeats and at 

telomeres. We argued that this may also be due to endogenous replicative DNA 

damage. 

The question that future work will have to address is whether the presence of γH2A 

reflects a role for this modification in DNA repair. γH2A may have independent 

functions in addition to telomere anchoring, such as influencing gene expression. 

There are several links between telomeric chromatin and repair. 

First, upon DNA damage, KU and SIR proteins become re-localized to DSBs, and 

induce a slight drop in telomeric silencing (Martin et al., 1999; McAinsh et al., 1999; 

Mills et al., 1999). Second, the efficiency of DSB repair is particularly high close to 

telomeres (Ricchetti et al., 2003), and thus depends upon anchoring of the telomere 

and interaction with the nuclear pore complex (Taddei and Gasser, 2006; Therizols et 

al., 2006). This cross-talk between telomeres and zones of DNA damage may be 

mediated by γH2A. 
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Short yeast telomeres are recognized by the checkpoint as DNA damage, but do not 

reach the threshold for cell-cycle arrest (Sabourin et al., 2007; Viscardi et al., 2007). 

Telomeres were thought to be a storage place for DNA damage response factors in an 

unchallenged situation (Martin et al., 1999). It will be interesting to address how 

γH2A might influence such a balance, and it opens up the possibility that high levels 

of γH2A may be responsible for the higher repair efficiency in sub-telomeric regions 

by facilitating the recruitment of repair factors to the site of damage. 

It has been shown that dephosphorylation of γH2A by a complex containing the 

phosphatase Pph3 regulates recovery from DNA damage (Keogh et al., 2006). This 

report further demonstrated that γH2A needs to be evicted by chromatin remodelers 

before dephosphorylation. γH2A eviction at a DSB depends on the chromatin 

remodeling complex INO80 (Van Attikum et al., 2007). These observations make it 

clear that γH2A signaling in response to DSBs is a dynamic process involving 

phosphorylation by Mec1 and Tel1, and eviction by chromatin remodelers, followed 

by dephosphorylation. We observed a strong increase in nuclear γH2A levels through 

S phase. These higher levels stay until anaphase, and then suddenly decrease. It will 

be important to determine which factors regulate the dynamics of H2A 

phosphorylation at telomeres, as well as determining how this influences telomeric 

anchoring, telomere metabolism, and sub-telomeric gene expression. 

 

Note added in proof: 

The presence of γH2A at natural yeast telomeres was confirmed during the 

preparation of this manuscript by Kim et al. (2007). 
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4.8 Supplemental Material 
 

4.8.1 Supplemental Table 

 
 
Strain Genotype Origin and Background 
GA-157 
GA-158 
GA-172 
GA-180 
GA-181 
GA-196  
GA-278 
GA-659  
GA-1020 
GA-1053 
GA-1054 
GA-1081 
GA-1275 
 
GA-1461 
 
GA-1561 
 
GA-1702 
GA-1852 
GA-1917 
 
GA-1949  
 
GA-2220 
GA-2263 
GA-2312 
GA-2448 
GA-2507 
GA-2961 
GA-2978 
 
GA-3030 
GA-3285 
GA-3362  
GA-3399 
 
GA-3467  
 
GA-3400 
GA-3653 
GA-3701 
GA-4089 
GA-4090  
GA-4091  
GA-4092 
GA-4093 
GA-4112 
 
GA-4159 
GA-4169 
GA-4225 
GA-4226 
 

MATa, his7, ura1   
MATalpha, his7, ura1      
MATa/alpha, mating of GA-157 and GA-158 
MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3,-112, can1-100  
MATalpha, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3,-112, can1-100  
MATa/alpha, mating of GA-180 and GA-181 
MATa sir3::TRP1 can1-100 in GA-180     
MATa/alpha ho::LYS2 RAP1-GFP-LEU2::rap1ura3, leu2::hisG arg4 
MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3,-112, can1-100, pep4  
MATalpha, TelVII::URA3, lys2::HMLEI::ADE2 in GA-181 
MATalpha, hdf1::kanMX in GA-1053   
MATalpha, hml::ADE1 hmr::ADE1 ade3::GALHO ade1, leu2-3,112, lys5, trp1::hisG ura3-5 
MATa, SIR4-13Myc-kanMX6, can1 deletion, Δade2 Δtrp1 Δcan1ade2 deletion 
TelVR::ADE2-TEL(+)    
MATa, -lac op and LexA binding sites (TRP1) at ARS 607 -lac I-GFP (HIS3) at his3-15, 
NUP49GFP as the only copy (ura-) in GA-180  
MATalpha, lac O and LexA binding sites (TRP1) at ARS 609 -lac I-GFP (HIS3) at his3-15 in 
GA-181, NUP49GFP as the only copy (ura-) 
MATa, can1-100 pep4::LEU2 ; Sgs1-myc::HIS; sml1::KanMX6 mec1::TRP in GA-1020 J.  
MATa, rif1::TRP1 telVIIL::URA3 in GA-180  
MATa ade2-1 can1-100 his3-11,15::GFP-LacI-HIS3 trp1-1 ura3-1 leu2-3,112, 
nup49::NUP49-GFP-URA3, TELVI-R::lacO-lexAop-TRP1-ADE2-TG 
MATa, NUP49-GFP, yku70::CaURA3  -lacO and LexA binding sites (TRP1) at ARS 607-lac 
I-GFP (HIS3) at his3-15 -NUP49GFP (ura-) 
MATalpha, Esc1-13Myc::KanMX, ku70::HIS5,TelVII::URA3, lys2::HMLEI::ADE2   
MATa, his3 del200, leu2 del0 met15 del0 trp1 del0 ura3 del0  
MAT alpha, Ino80-13myc-KanMX4 sml1::TRP1 in GA-1081  
MATa, GA-1020 with POL2-13Myc_KanMX6    
MATa, can1-100 SGS1-13MYC-HIS3 tel1::URA3 pep4::LEU2 in GA-1020 
MATalpha, hta1-S129*/hta2-S129* in GA-181 (W303) 
MATalpha, hml::ADE1 hmr::ADE1 ade3::GALHO Ino80-13myc-KanMX4 sml1::TRP1 
mec1::NatMX4 tel1::URA3   
MATa/alpha, tlc1::hphMx / TLC1 in GA-180 mated with GA-181  
MATa of GA-2961     
MATalpha, rif1::TRP1, NUP49-GFP (URA FOA)   
MATa, TelVII::URA3, lys2::HMLEI::ADE2, hta1-S129* hta2-S129*, (Cross of GA-3285 and 
GA-1053)     
MATa, TelVII::URA3, lys2::HMLEI::ADE2, hta1-S129* hta2-S129*,(Cross of GA-3285 and 
GA-1053    
MATa/alpha, est1::HgmRes, EST1, in GA-196  
MATa/alpha, hta1-S129*/hta2-S129*, cross between GA-2961 and GA-3285 
MATa/alpha, est1::HIS/EST1 in GA-3653    
MATa, LEU2-GAL10-FLP1 cir° in GA-180    
MATa, telVII adh4::FRT-URA3-FRT3-tel in GA-4089   
MATa, telVII adh4::FRT-URA3-[tel270]-FRT3-tel in GA-4089  
MATa, telVII adh4::FRT-URA3-[tel270]x2-FRT3-tel in GA-4089  
MATa, telVII adh4::FRT-URA3-[tel270]x3-FRT3-tel in GA-4089 
MATalpha, hta1-S129*/hta2-S-129* NUP49.GFP::URA, -lacO and LexA binding sites 
(TRP1) at ARS609 -lac I-GFP (HIS3) at his3-15, from a cross between GA-1561 and GA-3285 
MATalpha, ku70::KanMX in GA4112    
MATalpha, sir4::KanMX in GA4112     
MATa, hta1-S129*/hta2-S-129* in GA-1917  
MATalpha, isogenic wt for GA-4225, HTA1, HTA2  

orig. H13C1A2, 13a (Wood and Hartwell, 1982), A364a
orig. H13C1B2, 13b (Wood and Hartwell, 1982), A364a
(Thomas and Rothstein, 1989), W303-1B 
(Wood and Hartwell, 1982), A364a 
(Thomas and Rothstein, 1989), W303-1A 
orig. RS862, (Stone et al., 1991), W303 
(Thomas and Rothstein, 1989), W303 
orig. AHY111, (Hayashi et al., 1998),  SK1 
(Cobb et al., 2003), W303 
orig. LM11 (Maillet et al., 2001),  W303 
orig. LM79 (Maillet et al., 2001),  W303 
(Lee et al., 1998), JMK179  
(Perrod et al., 2001), W303 
 
(Taddei et al., 2004b), W303 
 
this laboratory - P. Heun, W303 
 
this laboratory - J. Cobb, W303 
orig. YG526 from D. Shore, W303 
Hediger et al. 2002, W303 

 
(Taddei et al., 2004b), W303 
 
this laboratory - A. Taddei, W303 
this laboratory - H. Van Attikum, JMK179 
orig. BY4733, Euroscarf, S288C 
Bjergbaek et al. 2005, W303 
this laboratory - L. Bjergbaek, W303 
orig. JDY22 (Downs et al., 2000), W303 
this laboratory - H. Van Attikum ,  JMK179 
 
this laboratory - H. Schober, W303 
this study, W303 
orig. from J. Lingner,  FYBL1-23D  
this study, W303 
 
this study, W303 
 
this laboratory, H. Schober, W303 
this study, W303 
this study, W303 
orig. lev 178, Marcand, et al 1999, W303 
orig. lev 187, Marcand, et al 1999, W303 
orig. lev 189, Marcand, et al 1999, W303 
orig. lev 222, Marcand, et al 1999, W303 
orig. lev 220, Marcand, et al 1999, W303 
this study, W303 
 
this study, W303 
this study, W303 
this study, W303 
this study, W303 
 

 
Supplemental Table 4.1: Yeast strains used in this study 
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4.8.2 Supplemental Figures 

 
 

 
 
Supplemental Figure 4.1: γH2A levels at telomeres are very high 
 
ChIP was performed on WT cultures (GA-180) after α-factor arrest and release into YPAD +/- 0.2M HU as described in Figure 
4.1c. qPCR monitors were Tel6R at 0.5kb, ARS607, and the late firing origin ARS501. Data was normalized to enrichment 
obtained for FAB1. 
 

γH2A γH2A/DAPI γH2A/DAPI/phase

WT

h2aS129*

cdc13-1

2 μm

 
 
Supplemental Figure 4.2: γH2A levels increase dramatically after telomere uncapping 
 
WT (GA-196) and h2aS129* (GA-3653) mutant strains were grown exponentially at 30°C, whereas the cdc13-1 mutant strain (GA-
172) was grown exponentially at 23°C and shifted for 2 h to 30°C. Cells were fixed for immunofluorescence and stained with 
monoclonal mouse anti-γH2A SG1-25J14 (1:20) and goat anti-mouse Alexa 488 (1:200). Images were acquired on an LSM510 
Zeiss confocal microscope. Bars indicate 2μm. 
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Supplemental Figure 4.3: Loss of γH2A does not provoke senescence, telomere shortening, or 
survivor appearance in a telomerase-deficient strain  
 
A: h2aS129* mutant cells are not senescent.  
GA-3701 was sporulated and spores grown on a plate for 2 days. Senescence of four of the h2aS129* spores was determined by re-
streaking single colonies thrice after growing for 2 days. Similar treatments are shown for WT (GA-180) and tlc1 deletion 
strains. 
B: Telomeric distal TG-repeat length is normal in h2aS129* mutant cells.  
Genomic DNAs from WT (GA-180), yku70 (GA-1949), h2aS129* (GA-2961 and GA-3285), and rif1 (GA-3362) mutant strains 
were digested with XhoI, run on a 1.5% agarose gel, and probed with a 300-bp TG1-3 fragment as described (Hediger et al., 2006).  
C: h2aS129* mutant cells can generate survivors in the absence of EST1.  
Spores bearing the est1 mutation as well as spores WT for EST1 of GA-3467 (HTA1, HTA2) and GA-3701 (h2aS129*) were grown 
in YPAD and cell density was counted every 24h. Cells were diluted each day to 5×105 cells/ml. The relative culture density 
between est1/EST1 (GA-3467) and est1 h2aS129*/EST1 h2aS129*.(GA-3701) is shown here. The increase after 6-7 days reflects the 
appearance of survivors that maintain telomere length by recombination in the absence of telomerase. The slight kinetic delay of 
the h2aS129* strain may reflect its slower growth rate (Downs et al., 2000). 
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Supplemental Figure 4.4. Absence of γH2A affects telomeric silencing 
 
A: Telomeric silencing was assayed for repression of the URA3 gene at Tel7L by selection for resistance to 5-FOA. WT 
(GA-1053), ku70 (GA-1054), and h2aS129* (GA-3399/GA-3400) mutant strains, having an URA3 gene integrated at the ADH4 
locus at Tel7L, were plated in 10-fold serial dilutions on SD-ura plates and on SC+FOA plates (containing 0.1% 5-fluoro-orotic 
acid). 
B: Telomeric silencing assayed for repression of the ADE2 gene integrated at a truncated Tel6R downstream of 
YFRO55W. ADE2 silencing assay for WT (GA-4226) and h2aS129* (GA-4225) mutant strains reveals the degree of telomeric 
position effect, where white shows the de-repressed state. 
 

 

 
 
Supplemental Figure 4.5. Telomeric γH2A is reduced in the absence of SIR-complex spreading 
 
γH2A-ChIP was performed on exponentially growing WT (GA-180) and sir3 mutant (GA-278) cells. qPCR used probes at 0.5, 
1.8, and 7.5 kb from the Tel6R TG-repeat. The mean of two experiments, normalized to FAB1, is shown. 
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